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Abstract 
The reaction ofK[N {P(S)Ph2h] (R = Ph or iPr) with [Mo(N3S2)CI3] in 
dichloromethane gives [MO(N3S2){(ph2(O)PNP(S)Ph2h] 1 and 
[Mo(N3S2){ipr2(O)PNP(S)ipr2h] 2. X-ray crystallography revealed in both 
compounds the chelates are co-ordinated to octahedral metal centres. The oxygen 
atoms are located in the trans position to the nitrogen of the triazene ring. The absence 
of a chloride counter ion indicates that the metal centre has been reduced from Mo(VI) 
to Mo(V), and electron paramagnetic resonance spectroscopy confIrmed the reduction 
of the molybdenum centres. The friction reducing study of compound 1 and 
[Mo(N3S2)(DTBC)2]Na (DTBC = 3,5-di-tert-butylcatechol) has shown that both 
compounds exhibit low friction coefficient values. 
The organophosphorus Iigands, 1 ,2-C~(NHPPh2h 3, 3,4-
CH3CJf3(NHPPh2)24, 1,8-Cl0H6(NHPPh2)2 and 1,2-C2~(NHPPh2h were prepared 
via P-N bond formation using Et3N and PPh2CI with 1,2-C~(NH2)2, 
3,4-CH3CJf3(NH2)2 1,8-Cl0H6(NH2h and 1,2-C2~(NH2)2in the presence a catalytic 
amount of 4-C5~N {N(CH3)2h. The P(III) compounds were oxidised by H202, S or 
Se to [I ,2-C~ {NHP(O)Ph2h] 5, [I ,2-C6~[NHP(O)Ph2} {NHP(S)Ph2}] 6, [1,2-
C6~{NHP(S)Ph2h] 7, [1,2-C~{NHP(Se)Ph2h] 8, [1,2-
C6~{NHP(S)Ph2}{NHP(Se)Ph2h] 9, [1,8-ClOH6{NHP(S)Ph2h] 10, [1,8-
Clo~{NHP(Se)Ph2h] 11, [l,8-Cl0H6{NHP(S)Ph2}{NHP(Se)Ph2}] 12 and [1,2-
C2~{NHP(S)Ph2h] 13. Compound 14, [3,4-CH3C6H3{NHCH2P(S)Ph2h], was 
prepared by condensing 3,4-CH3CJf3(NH2)2 with Ph2PCH20H followed by oxidation 
with S8. Compound 3 co-ordinates readily to Mo, Pd and Pt centres, forming seven-
membered rings (15-17), and forms a linear molecule with Au (18). X-ray 
crystallography revealed that for compound 5, 10, 11 and 12 the donor atoms are 
located anti to each other. Compounds 8, 13 and 14 display different structure in the 
solid state. Compounds 15 and 16 contain puckered seven-membered chelate rings. 
The organophosphorus ligands, H2NC(S)NHPPh2 19, H2NC(O)NHPPh2, 
PhC(O)NHPPh2 20 and C5~NC(O)NHPPh2 21 were prepared via P-N bond 
formation using Et3N and PPh2Cl with thiourea, urea, benzamide and nicotinamide 
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respectively. Compound 19 reacts readily with [PtCh(COD)l to form 
[Pt{H2NC(S)NHPPh2ht 2CI- 22. X-ray crystallography revealed the platinum atom 
is co-ordinated through sulfur and phosphorus donors forming two five-membered 
rings; chelation by nitrogen atoms is not observed. The rings consist of five different 
atoms in a planar conformation. 
Direct oxidation of compounds 19 - 21 with 02, S or Se gave 
[PhC(0)NHP(0)Ph21 23, [H2NC(S)NHP(S)Ph21 24, [H2NC(0)NHP(S)Ph21 25, 
[PhC(0)NHP(S)Ph21 26, [Cs~NC(S)NHP(S)Ph21 27 and [H2NC(S)NHP(Se)Ph21 28. 
Deprotonation of compounds 23, 24, 26 - 28 with potassium tertbutoxide gave 
K[PhC(0)NP(0)Ph21 29, K[H2NC(S)NP(S)Ph21 30, K[PhC(0)NP(S)Ph2] 31, 
K[Cs~NC(S)NP(S)Ph21 32 and K[H2NC(S)NP(Se)Ph21 33. Compound 30 
co-ordinates to Zn forming [Zn{H2NC(S)NP(S)Ph2hl 34. Compound 31 and 32 were 
reacted with [PdCh(COD)l to give [Pd{PhC(0)NP(S)Ph2hl 35 and 
[Pd{Cs~NC(0)NP(S)Ph2hl 36 respectively. Treatment of compound 19 or 30 with 
[PtCh(COD)l gave [Pt{H2NC(S)NP(S)Ph2} {H2NC(S)NHP(S)Ph2}1+ CI- 37 and 
[Pt{H2NC(S)NP(S)Ph2hl 38. The X-ray structures of compounds 26, 31, 37 and 38 
have been obtained. Crystallographic studies showed the hydrogen is attached to the 
nitrogen in compound 26 and upon deprotonation the potassium is co-ordinated 
through terminal oxygen and sulfur donors. The structure of 37 and 38 revealed two 
chelates are bound to the metal centre in the trans and cis (respectively) conformation. 
The salts, K[N{P(S)Ph2h], K[N{P(0)Ph2hl, K[PhC(0)NP(S)Ph21 and 
K[Cs~C(S)NP(S)Ph21 were reacted with [(H2NPPh2hNt Cl- to give 
[(H2NPPh2)2N]+ [N {P(S)Ph2hl - 39, [(H2NPPh2)2N]+ [N {P(0)Ph2hl - 40, 
[(H2NPPh2)2N]+ [PhC(0)NP(S)Ph2r 41 and [(H2NPPh2)2N]+ [Cs~NC(S)NP(S)Ph2r 
42 respectively, with the loss of KC I. Single crystal X-ray studies of [(H2NPPh2hN]+ 
[N {P(S)Ph2hr revealed multiple cross hydrogen-bond between the two ions. All new 
compounds were characterised by IR, IH and 31p NMR, FAB mass spectroscopy, and 
elemental analysis. 
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General Experimental Conditions 
Unless stated otherwise, all reactions were performed under an atmosphere of 
oxygen-free nitrogen using standard Schlenk procedures. All glassware were oven 
dried at 100°C or flame dried under vacuum before use. 
All solvents and reagents were purchased from Aldrich, BDH, Fisons and 
Lancaster. THF, EhO and petroleum ether (60-80 0c) were distilled from sodium-
benzophenone under nitrogen, MeCN and CH2Ch from CaH2. CDCh (99+ atom % D) 
was dried over molecular sieves. 
IH (250 MHz), 31C (62.9 MHz) and 31p (36.2,101.3,161.97 MHz) solution 
NMR (53.6 MHz) were recorded on JEOL FX90Q, BRUKER AC250 and BRUKER 
DPX400 FT spectrometers. Chemical shifts are reported relative to 85 % H3P04 on the 
JEOL spectrometer and (MeO)3P on the Bruker spectrometers for 31 p NMR. Infrared 
spectra were recorded as KBr discs a Perkin Elmer System 2000 FTlR spectrometer. 
Raman spectra were recorded on a Perkin Elmer System 2000 FT spectrometer with a 
diode pumped NdIY AG laser. Microanalyses were carried out by microanalytical 
services of Loughborough University. FAB +ve mass spectra were recorded on a 
Vacuum Generators Autospec Q Machine at Imperial College and by the EPSRC mass 
spectrometry service at Swansea. 
I am grateful to Johnson Matthey PLC for the loan of platinum and palladium 
salts. 
The chemical shift of AB systems is reported at the medium point. Satisfactory 
microanalyses were not obtained for all new compounds, the values reported are the 
best results obtained. 
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Chapter 1: Heteroatom Ligands via P-N Bond Formation 
1.1 Introduction 
Co-ordination chemistry contains numerous examples ofbidentate ligands fonning 
ring closure through the donor atoms binding to the same metal. The most used 
ligands are those derived from that containing carbon, nitrogen, oxygen, phosphorus 
and sulfur atoms. Such chelates are widely used in catalysis, metal extraction, 
bioinorganic chemistry, tribology and many other fields. Heteroatom ligands 
containing a phosphorus-nitrogen bond have been known for over three decades. 
Phosphorus groups have been shown to fonn bonds with nitrogen groups with relative 
ease and compounds containing P-N bonds are chemically very stable. These facts 
make any investigation ofligands containing P-N bonds an interesting project. 
1.2 Bis(diphenylphosphino)amine, Ph2PNHPPh2 (DPPA) 
Bis( diphenylphosphino )amine has generated much interest since its discovery. 
Numerous examples of derivatives and metal complexes have been prepared.1•2 The 
condensation ofhexamethyldisilazane with chlorodiphenylphosphine gives DPPA in 
good yield (Equation 1.1).3 The P-N bonds are fused together with the loss of 
trimethylsilyl chloride providing the thennodynamic driving force for the reaction. 
H 
/N", 
Ph2P PPh2 + 2Me3SiCI (1.1) 
Both phosphorus(III) atoms can be sequentially oxidised by selected chalcogen 
elements (Le. oxygen, sulfur or selenium) to make a range of possible ligands (Scheme 
1.1). 
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E = 0, S or Se H 
N 
Ph p/ 'PPh 
2 11 2 
E 
Scheme 1.1 Heteroatom ligands derived from DPPA. 
Double oxidation of DPPA gives another set ofligands, Ph2(E)NHP(E)Ph2 (E = 0, S 
or Se), that have shown an extensive co-ordination chemistry with numerous metals 
(see section 1.4). Imidodiphosphinates, [HN {P(S)Ph2hl, were first synthesised by 
Schmidpeter et al.4 Later, the seleno [HN{P(Se)Ph2hl analogue was prepared by 
oxidation ofPh2PNHPPh2 (DPP A) with potassium selenocyanate followed by acidic 
work-ups or by direct reaction with grey selenium at reflux in toluene.6 
Scheme 1.2 Heteroatom ligands from selective oxidation ofDPPA. 
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1.3 Co-ordination of Ph2NHP(E)Ph2 (E = 0, S or Se) 
Recently, the mono-substituted compounds of DPP A with oxygen, sulfur and 
selenium have been prepared by direct oxidation of one of the two phosphorus(III) 
groups with hydrogen peroxide, elemental sulfur and grey selenium respectively. 
Monochalcogenides of DPP A, Ph2NHP(E)Ph2 (E = 0, S or Se) have been shown to 
co-ordinate with a number of metals affording five-membered ring metaIIacycIes with 
the generic structure MPNPE (Figure 1.1). 
(b) 
Fig. 1.1 Co-ordination pattern ofmonochalcogenides ofDPPA. 
The co-ordination of these compounds can be described by two possible resonance 
structures, a neutral chelating ligand (a) or a chelating anion with the loss of the imido 
proton in the neutral chelate ring (b). Rossi et at? have reported rhenium complexes 
with the neutral Ph2P(0)NHPPh2 and the deprotonated Ph2P(0)NPPh21- Iigands from 
[AsPI4] [ReOC4] and Ph2PNHPPh2. A cobalt(II) complex with both a chelating DPP A 
and a unidentate P-bound Ph2P(0)NPPh21- ligand has been prepared.s The neutral 
Ph2P(0)NHPPh2 ligand containing a hard and a soft donor mostly act as a unidentate 
compound with co-ordination through the phosphorus(III) atom - several examples 
involving Rh!, rrI, PdD, pf and Au! are illustrated in Scheme 1.3. 
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/ 
11\ 
M = Rh or Ir 
Scheme 1.3 Unidentate complexes of [Ph2(O)PNHPPh2] with Rh, Jr, Pd, Pt and 
AU.9- 11 
The ligands when attached to a metal in a unidentate fashion can subsequently be 
deprotonated by potassium tertbutoxide. Upon deprotonation the free oxygen atom 
may be co-ordinated to the same metal centre (M = Pd or Pt) or to a second metal, to 
form either P,O-chelate complexes or P,O-bridging complexes (Figure 1.2 and 1.3). 
18 
Fig. 1.2 The structures of cis-[M {Ph2P(O)NPPh2h] and 
[Pd(TJ3 -C3HS){Ph2PNP(O)Ph2} h.12 
Fig. 1.3 The structures of [M(COD){Ph2P(O)NPPh2} t and 
[M(TJ3C3HS){Ph2P(O)NPPh2}] (M = Pd or Pt).12 
Monooxidation of bis( diphenylphosphino )phenylamine with sulfur or selenium 
gives Ph2P(E)NPhPPh2 (E = S or Se). These compounds act as bidentate chelate 
ligands towards metal forming complexes of the type (CO)4M(L) (M = Mo, W), 
CO(CI)Rh(L) and ChM(L) (M = Pt or Pd) where [L = Ph2P(E)NPhPPh2 (E = S or Se)] 
(Scheme 1.4). 
In [Pt{Ph2P(Se)NHPPh2h]Ch, the platinum centre has been shown to have a 
square-planar geometry from the co-ordination of two neutral Ph2P(Se)NHPPh2 
ligands arranged in the trans-bis configuration. However, the ligand has been shown 
to co-ordinate to a platinum in the cis configuration in its deprotonated form (Figure 
1.4). The bond lengths of the anionic chelates are shorter than the neutral ligand with 
the exception ofP-E which is longer than that in [Pt{Ph2P(Se)NHPPh2h]Ch. These 
differences support of the notion of partial delocalisation within the chelate ring as 
illustrated in Figure 1.4. 
19 
OC Cl 
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M(COMpiph i (M = Mo, W) 
Ph 
I Cl Cl \/ Rh [RhCI(COD)12 /\- Ph P/N'PPh PdCI2(NCPhh. 
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Pd 
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P-N 
Ph2 Ph 
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1 [PtCI2(COD») 
Ph2 
P 
Cl" /' ........... NPh 
/Pt, I 
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Ph2P E \ If N-P 
Ph Ph2 
Scheme 1.4 Complexation ofPh2(E)PNPhPPh2 with Mo, W, Rh, Pd and Pt.13 
Ph:2 Ph:2 
P P ~-, /'~N 
I: 'Pt/ :1 Ph:2P~,. /' "" ~PPh:2 Se Se 
1.4 Co-ordination of (ER2PbNH (E = 0, 5 or 5e) 
Salts of the imidophosphinate, [R2P(E)NP(E')R2hr, often display cross-
co-ordination resulting in interesting three-dimensional structures. In the three-
dimensional cluster core [Na6012t, the complexation is accomplished by long 
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Na'''O=P interactions (2.23 to 2.50 A) in a hexarneric form (Figure 1.5). The salt of 
the ligand with mixed donor atoms, Na[Ph2(O)PNP(S)Ph2], displays a dimeric 
structure with two tetrahydrofuran molecules completing the co-ordination sphere 
(Figure 1.6). The phosphorus-oxygen distance is similar to that in 
[Ph2(O)PNHP(S)Ph2], but the phosphorus-sulfur bond is lengthened [1.925(14) to 
1.979(4) A] whilst the phosphorus-nitrogen bonds have contracted [1.577(9) and 
1.606(9) from 1.694(4) and 1.668(5) A]. 
Fig. 1.5 The structures ofNa[(phOMO)PNP(O)(OPh)2] with two bridging chelates at 
the front and the back omitted for clarity.ls 
Fig.l.6 The structure ofNa[Ph2(O)PNP(S)Ph2]'2THF with carbon atoms ofTHF 
omitted for clarity.16 
Salts of the imidothiophosphinate, [N{P(S)Ph2h]-, with four cations, K+, 
[K(18-crown-6)]+' [N(PPh3ht and [TePh3t, have revealed interesting structural 
configurations. In the potassium salt, the structural feature of the anion is much like a 
chelating ligand with long-range interactions linking the potassium atoms in zigzag 
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fashion (Figure 1.7). The [K(18-crown-6}t (1,4,7,10,13,16-hexaoxacyc1ooctadecane) 
cation shows no interaction with the anion, and it has adopted a syn orientation (Figure 
1.7). The organic salt, [N(PPh3)2t, revealed an unusual linear P-N-P [180.0(1) "] in 
the anion that is rationalised in terms of double bond character in the P-N bonds 
(Figure 1.8). No cation-anion interactions were found. The molecular structure of 
[TePh3l[ N{P(S)Ph2hl displays weak cation-anion Te"'S secondary interactions 
[3.264 and 3.451 Al. The phosphorus-sulfur bonds are in the syn conformation with 
close similarity to that seen in the [K(18-crown-6}t salt (Figure 1.8). The 
K[N {P(Se )Ph2hl salt has an angular P-N-P bond and forms a ladder structure similar 
to that in K[N{P(S)Ph2hl. 
s i l-
Ph~ P 
·p-W ...... :.~ I Ph Ph 
Ph 
Fig.1.7 The structures ofK[N{P(S)Ph2hl17 and [K(18-crown-6)t[N{P(S)Ph2hr.18 
Fig. 1.8 The structures of [N(PPh3)2t [N {P(S)Ph2hl-19 and 
[TePh3t [N {P(S)Ph2hr.20 
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required the reactions at reflux of a ligand or its salt with a metal dihalide (Equation 
1.2). 
H 
I 
N 2 R p/ 'PR MX /'1,. 
211 11 2 + 2 Base 
S S 
(1.2) 
No complexes of the imidodiphosphinates with the metals from Group 2, 3 nor 4 have 
been reported. 
Group 5: V, Nb and Ta. 
In [V(O){ (Ph2(O)P)2Nhl, the metal is in the centre of a square based pyramid 
with the rings nearly planar (Figure 1.9). No complexes with niobium or tantalum 
have been structurally characterised. 
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Group 6: Cr, Mo and W. 
Fig.l.l0 The structure of [MoX(0){(Ph2(0)P)2Nh] (X = Cl or 0).25 
The co-ordination geometry of the dioxygen complexes of molybdenum, 
[MoCI(0){(Ph2(0)P)2Nh] and [Mo02{(Ph2(0)P)zNh], are both octahedral and have 
cis conformation (Figure 1.10). 
Group 7: Mn, Tc and Re. 
The manganese(I) complex with one chelate ligand is arranged octahedrally, 
whilst the manganese(II) compound contains two chelate Iigands in a tetrahedral 
geometry (Figure 1.11). 
co 
QC I Ph2 -Mn_S---:e~N 
QC-I --S'=:":"'p"'-
CQ Ph2 
Fig.l.ll The structures of [Mn(CO)4{(ph2(S)P)2N}]26 and [Mn{(ph2(S)P)2Nh],z7 
Rhenium has been subjected to co-ordination of the Iigands with oxygen, 
sulfur and selenium donor groups. The molecular structures offour metal complexes 
are shown in Figure 1.12. The upper two compounds are octahedrally co-ordinated 
with the oxo in the cis or trans (w.r.t. oxygen and sulfur) conformation depending on 
the donor groups on the chelate Iigands. In [ReO(OEt){ (Ph2(S)P)2Nh], the rhenium 
atom is octahedrally co-ordinated with the two chelate Iigands lying trans to each 
other. The rhenium complex, [Re(N)Cl {(Ph2(S)P)2N}(pPh3)], displays a square 
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pyramid with the Re-N bond considered to be a triple bond [1.630(1) A]. The 
structure of the compound with selenium donor groups has yet to be determined. 
Cl Cl 
Ph2 I 
N ..... P-O- ....... PPh3 Re;:,..... 
'P-O--- 1""""0 N-P /s_ I ....... PPh3 '-p><s---ii ......... CI 
Ph2 Cl 
Fig.1.12 The structures of [Re(O)Ch {(Ph2(O)P)2N} (PPh3)] , 
[Re(O)Ch{ (Ph2(S)P)2N}(pPh3)], [ReO(OEt){ (Ph2(S)P)2Nh]28 and 
[Re(N)CI {(Ph2(S)P)2N}(PPh3)],29 
Group 8: Fe, Ru and Os. 
o 
The Iron(II) complex with sulfur donor groups consists of two chelate ligands 
in a tetrahedral configuration. However, iron(III) complexes with oxygen donor groups 
displays an octahedral tris-chelate geometry (Figure 1.13). 
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Group 9: Co, Rh and Ir. 
The cobalt(ll) complexes shown in Figure 1.14 are both tetrahedral with sulfur 
and selenium donor groups. 
Group 10: Ni, Pd and Pt. 
The nickel(ll) complexes adopt tetrahedral geometry with symmetricalligands. 
In [Ni{(Ph2(S)P)2Nh), [Ni{(Me2(S)PhNh) and [Ni {(ipr2(S)P)2Nh), the compounds 
display the tetrahedral configuration whilst the mixed R system 
[Ni{PhlS)PNP(S)Me2h) is square planar (Figure 1.15). 
Fig. 1.15 The structures of [Ni {(Ph2(S)P)2Nh),6.33 ,34 [Ni {(Me2(S)P)2N h),35 ,36 
[Ni{(ipr2(S)P)2Nh)37 and [Ni{Ph2(S)PNP(S)Me2h).38 
The palladium and platinum complexes [M {(Ph2(E)P)2Nh) (E = S or Se) are 
all square planar with the chelate rings in the pseudo-boat conformation (Figure 1.16). 
The pseudo-boat conformation is also found in the chelate ring with mixed donor 
atoms co-ordinated to platinum, [Pt(CgH120Me){Ph2(O)PNP(S)Ph2h).39 The boat 
conformation of the chelate ring in [Pt{Ph2(S)PNP(S)Ph2}(pEt3)2t is rearranged to a 
chair conformation by putting an oxygen atom between the phenyl and the phosphorus 
groups, [Pt{(PhOMS)PNP(S)(OPh)2h(pMe3)2t (Figure 1.17). 
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Fig.l.16 The structures of [Pd{(PhO)z(S)PNP(S)(OPh)2h],40 [M{(ipr2(S)P)2Nh] (M 
= Pd or Pt/I and [Pd{Ph2(O)PNP(Se)Ph2h] (R = Ph or ipr).39 
Fig.1.17 The structuresof[Pt{N{P(S)Ph2h}(pEt3ht and 
[Pt{(PhO)z(S)PNP(S)(OPh)2}2(pMe3ht.42 
Group 11: Cu, Ag and Au. 
The copper(I) complex, [Cu(PPh3){(ph2(S)P)2N}], displays a monocyclic 
structure with three atoms bound to the copper atom (Figure 1.18). In 
[Cll4{(Ph2(S)P)2Nbt [CuChL the third co-ordination of the copper atom is 
completed by bonding to another sulfur donor atom in such away that a small cluster 
of four copper atoms with three chelate ligands is formed (Figure 1.18). 
Fig. 1.18 The structures of [CU(PPh3){ (Ph2(S)P)2N} ]43 and [Cll4 {(Ph2(S)P)2Nbt 
[CuChr (with phenyls omitted for clarity).44 
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Fig.l.19 The structure of [AuCh{(Ph2(S)P)2N}].45 
The reaction of [HN(P(S)Ph2h] with [AuCh(THT)] gives 
[AuCh{(Ph2(S)P)2N}] with the loss of a proton. The gold atom is tetracoordinated in a 
square planar configuration (Figure 1.1 9). The Reaction of [HN {P(S)Ph2h] with 
[AuR2CI] gives [AuR2{(Ph2(S)P)2N} ].46 
Group 12: Zn, Cd and Hg. 
Zinc(II) and cadmium(II) complexes with [HN {p(S)ipr2h] are isostructural in 
the tetrahedral configuration (Figure 1.20). The geometry of the chelate rings is 
puckered with a pseudo-boat conformation. 
R2 
S,,---p,f':! 
s \ PR2 R2~/ 'r-l 
N, /S 
P 
R2 
Fig.1.20 The structure of [M{(iPr2(S)P)2Nh] (M = Zn or Cd).37 
Group 13: B, Al, Ga, In and TI. 
The thaIIium(III) complex, [TIPh2{(PMS)P)2N}], is prepared by reacting 
diphenylthaIIium(III) bromide with K[N {P(S)Ph2h]. The metal has a tetrahedral 
co-ordination (Figure 1.21). 
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Fig.1.21 The structure of [TIPh2{(Ph2(S)P)2N}1.47 
Group 14: C, Si, Ge, Sn and Ph. 
This group is well represented and dominated by tin compounds, that display 
co-ordination with oxygen, sulfur and selenium donor groups. The tin complexes with 
oxo ligands are illustrated in Figure 1.22. When the ligand [HN {P(O)Ph2hl is reacted 
with tin(II)acetate, the resulting structure is a distorted trigonal bipyramid. The 
geometry at the tin atom suggests the presence of a lone pair of electrons at the vacant 
equatorial site (Figure 1.22). In [Snh(Ph2(O)P)2N) hl, the co-ordination at the tin atom 
is octahedral with the iodine atoms in the cis position. However, it is interesting to 
note with the substitution of the iodine atoms for "butyl groups, 
[Sn("Bu)2{(ph2(O)P)2Nhl, the two chelate ligands formed in the trans position to 
each other. 
Fig.1.22 The structures of [Sn(ph2(O)PhNhl, [Snh{(ph2(O)P)2Nh148 and 
[Sn("Bu)2{(ph2(O)PhNhl.49 
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When one oxygen is replaced by a sulfur the planarity of the ME2P2N ring (E = s, 0) 
is lost and a boat confonnation is observed (Figure 1.23). It is interesting to note the 
isomer in which the sulfur and oxygen are trans to one another is preferred. This may 
be explained by the fact that the Sn-S and P-S bonds are generally 0.5 A longer than 
Sn-O and P-O bonds, and the Sn-O-P angle is almost 30 0 greater than the Sn-S-P 
angle. The trans geometry probably reduces steric hindrance and any ring strain. 
Fig. 1.23 The structures of [SnR2{Ph2P(S)NP(0)Ph2h] (R = Me, Ph).50 
The dimethyltin complex with the thio chelate ligand, [SnMe2{(Ph2(S)P)2Nh], 
has the tin atom in an octahedral configuration (Figure 1.24). The chelate ligands 
approximate to a square planar geometry in a boat confonnation. 
i N-P ...... S-Sn-S P-N 
'-P"'S"""- I-............g:-<p/ 
Me 
The selenium analogue exists in two fonns; a distorted square (tetragonal) 
pyramid with the MSe2P2N ring adopting the boat confonnation (red crystals); and a 
square planar complex with the MSe2P2N ring adopting the chair confonnation 
(yellow crystals, Figure 1.25). The two isomers were recrystallised from the same 
yellow chloroformlhexane solution of Sn[N {P(Se )Ph2h]Z, suggesting that the 
difference in energy between the two confonners is very little. 
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Ph2 Ph2 
Fig.l.25 The structures ofboat-[Sn{(ph2(Se)P)2Nhl (red crystals) and chair-
[Sn {(ph2(Se )P)2Nhl (yellow crystals). 52 
The lead(II) complex, [Pb{ (Ph2(S)P)2Nhl, has two chelate ligands bound to 
the lead atom. Close inspection of the structure revealed a pseudo octahedral 
co-ordination geometry with the interaction of two phenyl groups, from the ligands, 
completing the co-ordination sphere (Figure 1.26). 
S 
S.... I .'S 
"'Pb"" 
Ph/ I ""Ph 
S 
Fig.1.26 The structure of [Pb{(Ph2(S)P)2NhJ.53 
Group 15: N, P, As, Sb and Bi. 
In diphenylantimony(V) compound, [SbPh2Ch{(Ph2(O)P)2N}l, the antimony 
atom is octahedrally co-ordinated with a monocyclic chelate ring. The oxo-thio 
analogue, [SbPh2Ch{Ph2(S)PNP(O)Ph2} l, displays similar features with normal bond 
lengths (Figure 1.27). The bismuth(III) complex, [Bi {(Ph2(S)P)2Nhl, has three chelate 
ligands organised octahedrally around the bismuth atom (Figure 1.27). 
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Fig.1.27 The structures of [SbPh2Ch{(Ph2(O)P)2N}], 
[SbPh2Ch{Ph2(S)PNP(O)Ph2} ]54 and [Bi{(Ph2(S)P)2Nh].55 
Group 15: 0, S, Se, Te and Po. 
The square planar complexes of [HN {P(S)Ph2h] with selenium and tellurium 
have been reported (Figure 1.28). The SeS2P2N ring is a slightly distorted chair as 
opposed to the TeS2P2N ring which is a near perfect chair conformation. 
The range of ligands derived from DPP A is numerous and in some cases there 
are as many as four different atom types in the chelate skeletal (e.g. 
[Ph2(Se)PNHP(O)Ph2], [Ph2(Se)PNHP(S)Ph2] and [Ph2(S)PNHP(O)Ph2] shown in 
Scheme 1.2). Compared to the extensive research on DPP A and its derivatives, less 
has been done on phosphorus(III) systems such as diphenylphosphino thioureas 
Ph2PNHC(S)R (DPPTs). The DPPTs systems can be oxidised to form 
diphenylthiophosphinyl thioureas Ph2P(S)NHC(S)R (DPTPTs) and related 
compounds. 
32 
1.5 Diphenylphosphinyl ureas and thioureas 
Diphenylphosphinyl thioureas, Ph2P(O)NHC(S)R, have been prepared from the 
reaction ofphosphoroisothiocyanatidates with amines (Equation 1.3).58-60 The 
reaction proceeds by nucleophilic amine-attack upon the carbon atom of the 
isothiocyanate followed by the loss of a proton to the nitrogen of the isothiocyanate at 
room temperature. The choice of oxygen and sulfur donor atoms in the ligands can be 
changed by manipulating the starting material- see Equation lA. 
(ROhP-NCS + HNR'2 ---
11 
H 
N 
(RO) p/ 'C-NR' 211 11 2 
o o S (1.3) 
The synthesis of the ligands with sulfur donors such as diphenylthiophosphinyl 
thioureas (DPTPn in quantitative yields was reported by the addition of amines to the 
isothiocyanate group (Equation 1.3).61-66 
H 
I 
/N, 
Ph2P C-NR2 
11 11 
S S 
R2 = H2, (Me)2, (H, Me), (Et)2, (H, Ph), (H, naphthyl), (H, tolyl) (lA) 
The compounds can also be prepared by clipping the metallated acid arnides 
together with acid chlorides or chlorophosphines67 (Scheme 1.5). The reactions 
proceed via P-N bond formation of the two reagents - the driving force in these 
reactions is the formation of sodium chloride. 
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R2P-NHNa + CI-C-R' R2P-CI + NaHN-C-R' 
11 11 11 11 
S E S E 
~ / E R R' a CsHs CsHs 
H a CsHs CH3 
R P ...... N ..... C-R' a CH3 CsHs 
211 11 
a C2HS CsHs 
S CH3 CsHs S E S CH3 CsHsCH2 
Scheme 1.5 Synthesis ofPh2P(S)NHC(O,S)R'. 
Another route for synthesising these compounds was investigated by Schmutzler et 
at'8 who used the condensation of silylated ureas and thioureas with chlorophosphines 
followed by direct oxidation with sulfur or selenium (Equations 1.5 - 1.7). 
Me Me 
I I 
/N~ N 
Me3S·1 'C/ 'S·IMe R PCI 
" 3 + 2 -
o 
11 
S 
+E-
E=SorSe 
Me Me 
I 1 
p ...... N, N ..... ~ "c""" SiMe3 
Me 
I 
11 
o 
/N, /R' 
~P C 
11 11 
E O(S) 
(1.5) 
(1.7) 
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One advantage of this synthetic method is that the phosphorus group can be selectively 
oxidised by oxygen, sulfur or selenium in a similar fashion to the chemistry of DPP A 
(e.g. Scheme 1.2). 
1.6 Structure of RC(E)NHP(E')Ph2 
DPTPT, closely related to Ph2(O,S)PNHP(S)Ph2, can exist in three possible 
tautomeric forms (Scheme 1.6). Infrared and NMR spectroscopy suggest the 
compound is in the imido form. X-ray studies ofR2(0,S)PNHC(0,S)R' established 
this system is predominantly in the imido form and is well represented by many 
examples. 
H 
/N::,... /N, 
R-C '-':PPh2 R C .... PPh 11 I ~ -11 11 2 4 ~ 
~N, 
R-C 7 'PPh 1 11 2 
E 
SH +4-. +-,. 
EH S E S 
Scheme 1.6 Tautomeric structures of diphenylthiophosphinyl urea and thiourea 
(E = 0, S). 
Single crystal X-ray diffraction studies of [PhC(O)NHP(O)Ph(OMe)], indicate the 
oxygen atoms are arranged in the anti orientation (Figure 1.29). The phosphoryl and 
imido groups are syn coplanar, whilst the carbonyl and imido are anti coplanar. The 
phosphoryl oxygen and the imido hydrogen are involved in inter-molecular hydrogen 
bond to an adjacent molecule in a dimer formation. In [Ph(Me)NC(O)NHP(O)(OPhh], 
the molecules display isostructural arrangement to the above compound with similar 
hydrogen-bonding interaction (Figure 1.29). Interestingly, a similar compound, 
[MeC(O)NHP(O)(SMe)OMe], was found to have the two oxygen atoms arranged in 
the syn orientation (Figure 1.29). There are inter-molecular P=O'" H-N hydrogen-
bonds in the crystal structure of this compound, but instead of seeing a dimer, a chain 
like arrangement was found. 
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Fig.l.29 The structures of [PhC(O)NHP(O)Ph(OMe)] (chiral),69 
[Ph(Me)NC(O)NHP(O)(OPh)2fo and [MeC(O)NHP(O)(SMe)OMe] (chiral).71 
This system containing mixed donor atoms e.g. [PhC(S)NHP(O)(Oipr)2], has 
the phosphoryl oxygen atom in the anti orientation relative to the thiocarbonyl group. 
The molecules are arranged as dimers (back-to-back) formed by intermolecular 
P=O"'H-N hydrogen-bonds between two adjacent molecules (Figure 1.30). However, 
the structure of [PhHNC(S)NHP(O)(NHiPr){ (N(C2~Cl)2}] demonstrates a very 
different configuration - the molecules are arranged in the anti orientation with the 
phosphoryl and imido groups are anti coplanar, whilst the thiocarbonyl and imido are 
syn coplanar. The intramolecular hydrogen-bond between the phosphoryl oxygen and 
the amino hydrogen forms a ring closure to give a pseudo six-membered ring (Figure 
1.30). 
Fig.1.30 The structures of [PhC(S)NHP(O)(Oipr)2],72 [Ph2PC(S)NHP(O)(OPh)2f3 
and [PhHNC(S)NHP(O)(NHipr){ (N(C2~Cl)2}] (R = NHiPr, R' = N(C2~Cl)2).74 
The molecular structure of [Ph(Me)NC(S)NHP(S)(OPh)2] , shows the compound is in 
the keto form with the proton bonded to the nitrogen and not to either sulfur atoms 
(Figure 1.31). It is best described as Z, Z' with absolute values of torsion angles 
[col(SI-Cl-Nl-Pl)] = 5.1° and [co2(CI-NI-Pl-S2)] = 55.0°. In 
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[PhC(S)NHP(S)(Oipr)2], a similar syn orientation was found (Figure 1.31). The 
phosphorus-sulfur bond length in [Ph(Me)NC(S)NHP(S)(OPh)2] (1.895(2) A) is 
amongst the shortest for a P=S bond - comparable lengths are found in [P-P4S7] 
(1.890 A),75 [(iprO)2P(S)SS(S)P(Oipr)2] (1.890 A),76 [(MeO)2P(S)SS(S)P(OMe)2] 
(1.898 and 1.903 A)," [(PhO)2P(S)SS(S)P(OPh)2] (1.898 and 1.900 A),78 ,79 
[(PhS)3P=S] (1.899 A),80 [1,3,5-'Bu3C6H2P(=S)2] (1.890, 1.891 A)81 and 
[1-Me,3,5-'Bu2C~2P(=S)2] (1.894, 1.900 A).82 The carbon-sulfur bond length in 
thiourea compounds is generally longer than that in benzamide compounds (Table 
1.1). This is probably due to some distribution of the 7t-bond in the C=S bond to the 
adjacent nitrogen atoms which would account for the contraction of the C-N bonds -
particularly the C-N(R,R') bond as oppose to the C-NH bond. 
H 
Ph I 9Pr 
'-.. ,....N, .. ' 
C P O' 11 11- IPr 
S S 
Fig.1.31 The structures of [Ph(Me)NC(S)NHP(S)(OPh)2fo and 
[PhC(S)NHP(S)(Oipr)2]83 
In the bis-phosphorylated compound, [(PhO)2P(0)NHC(0)NHC(0)N(npr)2], with the 
phosphinyl group attached to a biuret backbone exists in the anti orientation relative to 
the central carbonyl group (Figure 1.32). Strong inter- and intra-molecular hydrogen-
bonding between the amine protons and the carbonyl groups are responsible for the 
anti, anti orientation. The end carbonyl group is syn coplanar to the second imido 
group and a ring closure influenced by intramolecular hydrogen-bond is formed. 
(nPrhN 
O::::::P (OPhh \ 
\ C~ N O----H /-"':::0 
H/ ....... c?' -N : 
I I I I 
: N........ -rC ....... /H O~ / H----O N 
-...;;:c \ 
\ (PhOhP::::::o 
(nPrhN 
Fig. 1.32 The structure of[(PhO)2P(0)NHC(0)NHC(0)N("Pr)2].84 
37 
The solid state structure of [Ph2(S)NHC(O)NHP(S)Ph2] has one P=S group lying in a 
syn orientation relative to the central c=o whilst the other P=S group is in the anti 
orientation (Figure 1.33). The syn coplanarity between one P=S group and a imido 
group is influenced by intramolecular hydrogen-bond formed by those two groups. 
Furthermore, the molecules are inverted which can be described as dimer pairs 
resulted from intermolecular hydrogen-bond interactions between the central carbonyl 
group and the syn coplanar imido to the adj acent molecule. 
5(2) 
Fig. 1.33 The structure of [Ph2P(S)NHC(O)NHP(S)Ph2]. 85 
Interestingly, the X-ray structure of the phosphorus(IIT) analogue, 
[Ph~C(S)NHPPh2], is planar with intermolecular hydrogen-bonding to dimethyl 
sulfoxide (Figure 1.34). 
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s 
Fig.1.34 Molecular structure of [Ph2PNHC(S)NHPPh2]·Me2S0.85 
1.7 Co-ordination Chemistry of Diphenylthiophosphinyl Thioureas 
These ligands can fonn cyclic structures with a metal either as the neutral ligand or in 
the deprotonated fonn (Figure 1.35). The co-ordination of the deprotonated ligands 
can take two possible patterns - delocaIised or localised bonding (pattern d and e in 
Figure 1.35 respectively). When the interatomic distances are between single and 
double bonds then the delocalised pattern is used. 
(c) (d) (e) 
Fig. 1.35 Co-ordination patterns of diphenylthiophosphinyl thioureas. 
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Table 1.1 Selected bond lengths (A) and angles (0) ofRC(E)NHP(E')R'. 
Compound PO,S PN NC CO,S PNC ref. 
[PhC(O)NHP(O)Ph(OMe)] 1.469(5) 1.673(6) 1.393(8) 1.216(8) 122.0(4) 69 
[Ph(Me)NC(O)NHP(O)(OPh)2] 1.462(4) 1.646(5) 1.406(8) 1.213(7) 125.6(4) 70 
[MeC(O)NHP(O)(OMe)(SMe)] 1.463(3) 1.641(4) 1.365(5) 1.219(4) 123.9(3) 71 
[PhC(S)NHP(O)(Oipr)2] 1.457(1) 1.672(1) 1.360(2) 1.646(1) 127.9(9) 72 
[Ph2PC(S)NHP(O)(OPh)2] 1.460(1) 1.658(2) 1.372(2) 1.637(2) 130.5(1) 73 
[PhHNC(S)NHP(O)(NHiPr){ (N(C2H4CI)2}] 1.493(4) 1.694(4) 1.376(6) 1.670(6) 129.5(4) 74 
[Ph(Me )NC(S)NHP(S)(OPh)2] 1.895(2) 1.671(3) 1.378(6) 1.664(3) 127.5(2) 70 
[PhC(S)NHP(S)(Oipr)2] 1.912(1) 1.686(3) 1.354(5) 1.635(4) 83 
[(PhO)2P(O)NHC(O)NHC(O)N(npr)2] 1.445(2) 1.646(3) 1.370(4) 1.211(4) 128.1(2) 84 
[Ph2P(S)NHC(O)NHP(S)Ph2] 1.931(1) 1.702(2) 1.367(3) 1.219(3) 121.8(2) 85 
1.942(1) 1.686(2) 1.379(3) 134.6(2) 
DPTPT demonstrates a similar co-odinative versatility to its carbon free 
analogue. The first substantial investigation into the co-ordination chemistry of 
diphenylthiophosphinyl thioureas was reported by Ojima et a/.62•63 The compounds 
behave as bidentate ligands and have shown to form a number of metals complexes. 
Typical co-ordination chemistry of these ligands is with direct reaction to MX2 (M = 
Co, Ni, Cu or Pd; X = Cl) at room temperature (Equation 1.8). Interestingly, these 
reactions proceed at room temperature compared to Ph2(S)PNHP(S)Ph2 requires 
heating at reflux. 
R 
\ Ph2 C-s S-p 1/---· "" / ._- ,~ 
NI, M ,IN \'~--. / "" -_.// P-S S-C 
Ph2 \. R (1.8) 
The nickel(IT) and palladium(IT) complexes containing this ligand system are square-
planar, while the complex containing cobalt is tetrahedral. Ojima et a/ proposed that 
some diphenylphosphinothioylthioureato metal(IT) complexes have a chelate structure 
containing five different atoms - C, N, P, 2S, and M(IT) - in their six-membered ring 
metallacycles. The structure of the nickel(IT) complex was later established by 
Iwamoto et a/ from X-ray studies (Figure 1.36). The nickel atom is bound to sulfur 
donors of the ligands in a square-planar trans configuration. The expansion of the 
phosphorus-sulfur and the carbon-sulfur bonds are observed [2.016(9) and 
1.760(9) A]. The phosphorus-nitrogen and the nitrogen-carbon bonds are contracted 
[1.610(9) and 1.294(14) A]. These changes in the chelating ligands are similar to those 
observed with the imidophosphinate ligands. The structure of a similar nickel 
complex, [Ni{(PhO)2P(S)NC(S)N(npr)2h]86 also displays a square planar geometry. 
The phosphorus-sulfur and the carbon-sulfur are shorter [1.978(1) and 1.745(4) A]; 
the phosphorus-nitrogen and the nitrogen-carbon bonds are observed at 1.574(3) and 
1.321(4) A. 
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Fig. 1.36 Molecular structure of [Ni {MeHNC(S)NP(S)Ph2h). 87 
The metal complex, [Cu(PhO)2P(S)NC(S)N(Et)2h, fonned by a reduction of 
copper(ll) to copper(l) with [(EthNC(S)NHP(S)(OPh)2) in the presence of ethanol 
(Equation 1.9). It contains a ligand co-ordinated to a copper atom with further 
co-ordination to an adjacent copper atom from the thiocarbonyl sulfur (Figure 1.37). 
There are three metal complexes localised by second order co-ordination where the 
central part of the collective complexes displays CU3S3 in a chair confonnation. The 
Cu-S (phosphoryl) bond is longer than the Cu-S (thiocarbonyl) bond, but it is 
comparable to Cu-S from the adjacent thiocarbonyl group [(average) 2.626, 2.225 and 
2.260 A respectively). 
+ Cu 2 + 2 HL ::;;,r==~-
Fig. 1.37 The structure of [Cu(PhOhP(S)NC(S)N(Ethh (Et and Ph omitted for 
clarity).88 
(1.9) 
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The mercury complexes, [Hg{RC(X)NP(Y)(OR'hh], are prepared from direct 
reaction of the ligand RC(X)NP(y)(OR')2 with mercury(ll) oxide in an organic 
solvent at reflnx. No reaction was observed when the ligand does not contain at least a 
sulfur donor atom. In the unit cell of the complex with N-(diisopropoxyphosphino-
thioyI)thiobenzamide, the mercury atom is in a tetrahedral co-ordination as a result of 
4 S atoms from two symmetrically independent ligands (Figure 1.38). All four Hg-S 
bonds in the complex have a covalent character which the Hg-S bonds from the 
thiocarbonyl group are shorter than the Hg-S bonds from the phosphoryl group 
[lengths 2.470 - 2.553 A]. The C-S and the P-S bonds are longer that the C=S bond 
[1.635(4) A] and the P=S [1.912(1) A] in the free ligand. All the bond lengths in one 
chelate ring are closely matched in the other. 
(R'O)2 R 
P-Y. X-c /,,~--. ~ / ----,~ 
N\ Hg )N 
\''---' ,,/ ~ ._--.// C-x Y-P 
R (OR')2 (1.10) 
R=Ph R,=ipr X=Y=S'R=Me R,=ipr X=Y=S'R=Ph R'=Et X=S , , , , , , , " 
Y = O' R = Ph R' = iPr X = S Y = O' R = Ph R' = iPr X = 0 Y = S 
, , '" , ".
Fig. 1.38 Molecular structure of [Hg{PhC(S)NP(S)(Oipr)2hJ. 89 
43 
The lead(ll) complexes ofN-diisopropoxyphosphorylthiobenzamide and 
N-diisopropoxythiophosphorylthiobenzamide, [Pb{PhC(S)NP(O)(Oipr)2}2] and 
[Pb{PhC(S)NP(S)(Oiprhh], are prepared by direct reaction of the ligands with lead 
oxides in CCl4 or by reacting lead nitrate with the sodium salt of the ligands in 
methanol. The co-ordination pattem in [Pb{PhC(S)NP(O)(Oipr)2h] has a distorted 
tetrahedral structure with bonding from oxygen and sulfur of the two chelating ligands 
(Figure 1.39). This metalla-heterocycle is a rare example of a compound containing 
six different atoms in a six-membered ring. 
Fig.l.39 Molecular structure of[Pb{PhC(S)NP(O)(Oipr)2h].72 
The samarium complex, [Sm(EtO)2P(O)NHC(O)NHC(O)Phh(Cl04k3H20, was 
found to be a nine-coordinate compound with oxygen donors (Figure 1.40). The 
samarium atom is bonded to three phosphoryl oxygen atoms, three carbonyl oxygen 
atoms and three oxygen atoms from water molecules. The [(EtO)2P(O)NHC(O)NH-
C(O)Ph] ligand behaves as a bidentate compound in this complex where the 
phosphoryl group is induced to co-ordination as oppose to the possibility of 
co-ordination by both carbonyl groups. The chelate rings are near planarity in this 
complex. All the Sm-O(p) bonds are shorter than that in Sm-O(e) indicating that the 
phosphoryl oxygen atom has a stronger co-ordinative function than that of the 
carbonyl oxygen. 
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Summary 
h 
Ph 
Fig. 1.40 Molecular structure of the cation in 
[Sm(EtO)2P(O)NHC(O)NHC(O)Phh(CI04)3·3H20.9o 
Surprisingly, the chemistry ofphosphinated ureas and thioureas is largely unexplored 
to date. The Iigands can readily be prepared by; 
I) direct addition of arnines to phosphorus isocyanate/ isothiocyanate, 
ll) clipping the metallated acid arnides together with acid chlorides or 
chlorophosphines, 
Ill) base-catalysed condensation or use of silylated derivatives. 
In the light of the recent interest in the chemistry ofPh2PNHPPh2 and the well-
established acac (acetylacetone, B-diketonate) Iigands, we felt it would be of interest to 
investigate the synthesis and co-ordination chemistry ofPh2PNHC(O,S)R. We 
describe here our studies on the synthesis of a number of Iigands utilised by P-N bond 
formation. The co-ordinative chemistry of these Iigands is discussed and also the 
property of some metal complexes is described. 
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Table 1.2 Selected bond lengths (A) and angles (") ofM{RC(E)NP(E')R'2}x. 
Compound MO,S MO,S PO,S PN NC CO,S PNC ref. 
[Ni {("PrhNC(S)NP(S)(OPh)2hJ 2.226(1) 2.205(1) 1.978(1) 1.574(3) 1.321(4) 1.745(4) 127.5(3) 86 
[Ni {MeHNC(S)NP(S)Ph2hJ 2.216(3) 2.214(4) 2.016(5) 1.610(9) 1.294(14) 1.760(9) 125.6(6) 87 
[CU(PhO)2P(S)NC(S)N(Et)2h 2.249(2) 2.220(2) 1.965(2) 1.581(5) 1.309(6) 1.785(5) 135.9(4) 88 
2.263(2) 2.230(2) 1.958(2) 1.571(5) 1.313(7) 1.776(6) 131.1(4) 
2.275(2) 2.224(2) 1.957(2) 1.596(5) 1.312(7) 1.768(5) 129.5(4) 
[Hg{PhC(S)NP(S)(Oipr)2}2J 2.553(3) 2.470(3) 1.980(4) 1.610(9) 1.286(13) 1.733(11) 133.1(8) 89 
2.548(3) 2.474(4) 1.981(4) 1.618(9) 1.290(13) 1.726(2) 131.8(8) 
[Pb{PhC(S)NP(O)(Oipr)2}2J 2.703(2) 2.488(5) 1.492(5) 1.634(6) 1.268(1) 1.740(8) 125.0(6) 72 
2.703(2) 2.417(5) 1.470(6) 1.630(7) 1.294(1) 1.741(8) 127.7(6) 
[Sm(EtO)2P(O)NHC(O)NHC(O)Phh 2.394(4) 2.532(4) 1.455(4) 1.663(5) 1.366(8) 1.211(6) 127.5(4) 90 
2.398(5) 2.543(4) 1.465(4) 1.655(6) 1.365(10) 1.205(7) 125.9(5) 
2.398(5) 2.528(4) 1.459(5) 1.655(6) 1.343(10) 1.223(8) 127.3(5) 
Chapter 2: Preparation and Structural Studies of 
[Mo(N3S2){R2(O)PNP(S)R2}z] 
2.1 Molybdenum Compounds as Lubricant Additives 
The use of molybdenum disulfide as an excellent solid lubricant is well known.91 
Molybdenum disulfide exists in close-packed layers of sulfur atoms stacked to create 
trigonal prismatic interstices that are occupied by molybdenum atoms. The stacking is 
such as to permit slippage of alternate layers; thus molybdenum disuIfide has 
mechanical properties similar to graphite. However, its insolubility in oil limits its use 
as a lubricant additive. MitcheII92 has summarised a range of possible molybdenum 
compounds that can be used as oil additives. Among them, are oil soluble organo-
based molybdenum compounds, molybdenum complexes containing various 
dithiocarbamates (MoDTCs) and dialkyldithiophosphates (MoDDPs), have been 
widely investigated in both friction tests and engine tests.93-99 They are used as 
excellent anti-friction, anti-wear and extreme pressure additives in lubricating oils and 
greases. However, they still exhibit some problems, such as corrosion to non-ferrous 
metals and limited solubility. 100 Tribologists are thus seeking and exploring new 
molybdenum additives. 
2.2 Co-ordination Chemistry of Dialkyldithiophosphates 
The co-ordination chemistry of dialkyldithiophosphates can be described by two 
possible resonance structures (Figure 2. I). One resonance contains a single and a 
double phosphorus-sulfur bond, and the other displays equivalency in phosphorus-
sulfur bond lengths. Some complexes containing the ligand existing in resonance A 
are known, but are rare in comparison with resonance B. 
5 
R,,,,,, ••. / 
'p or 
R/ "'-5-
A B 
Fig. 2.1 Resonance structures of dialkyldithiophosphates (DDP). 
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Molybdenum complexes containing this ligand system have been reviewedl0l-l03 - of 
those known, dimers of molybdenum (V) are used as lubricant additives. In these 
dimers, the metal atoms are linked together by bridging oxo or thio atoms as shown in 
Figures 2.2 and 2.3. 
In [M0203{S2P(OR)2}4], the compounds are binuclear containing an oxo bridge and 
four sulfur chelate donors (R = I Me,104 11 Et,105,106 III npr107 and IV iprl08). The metal 
centres are hexacoordinated in the octahedral geometry with inequivalent phosphorus-
sulfur bond lengths. The longer P-S bonds vary between 2.000 and 2.020 A while the 
shorter bonds range from 1.932 to 1.988 A respectively. For comparison the 
phosphorus-sulfur bond distances in the free ligands range from 2.100 to 2.007 A for 
P-S single bonds, and 1.890 to 1.912 A for P=S double bonds.109-111 The differences 
in the P-S bond distances within the same ligand suggest the bond characters are 
predominantly single and double respectively. The difference in Mo-S bond distances 
(2.809 to 2.442 A) further supports the notion of the chelates displaying resonance A 
over that ofB. 
The complexes illustrated in Figure 2.3 are pentacoordinated in the square 
pyramidal configuration. The two molybdenum atoms are linked by two bridging 
atoms (oxygen and sulfur); and each molybdenum atom is bound by terminal oxygen 
or sulfur atoms and four sulfur chelate donors. The two phosphorus-sulfur bond 
lengths within the same ligand are very similar suggesting significant delocalisation. 
The comparable Mo-S bond distances and narrowing of the S-P-S bond angle further 
support the chelates displaying resonance B than A. Molecular data are listed in Tables 
2.1 and 2.2. 
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v (X = S, Y = 0), VI (X = Y = 0) and VII (X = Y = S) 
Fig.2.3 The structures of [Mo202S2{S2P(Oipr)2hl,112 [Mo203S{S2P(Oipr)2hl,ll3 
and [MOS4{S2P(OEt)2hl.114.115 
Co-ordination Chemistry of Dialkyldithiocarbamates 
or 
R ;S \ / 
N-C..' / ~. 
R S 
D 
Fig. 2. 4 Resonance structures of dithiocarbamates (DTC). 
The co-ordination chemistry exhibited by dithiocarbamates can be described as 
comparable to that in dialkyldithiophosphates which also co-ordinate by either of two 
possible modes (Figure 2.4). This co-ordination pattern of molybdenum (V) is similar 
to that ofDDP which also displays delocalisation resonance around the chelate atoms 
(Figure 2.5). 
o X 
R N-C-::::::5----.11 ___ X---- 11 ___ 5::::-.. 2 ~ ___ Mo............ ~Mo __ ;:::;::-C-NR2 
5 X 5 
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[M020 3{S2P(ORM4] Space group a ex P-S Mo-S S-P-S ref. 
I-II b 13 
c y 
IMe P2t/c 8.235 1.956 2.006 2.799 2.504 109.3 104 
16.544 103.7 1.983 2.018 2.549 2.453 105.9 
11.444 
IIEt P2t/n 8.709 1.954 2.000 2.800 2.501 110.3 105 
24.170 112.3 1.988 2.004 2.534 2.457 105.7 
9.942 
II Et PI 11.36 94.9 1.947 2.010 2.801 2.497 109.2 106 
Ct>RtCh solvate 13.96 103.8 1.983 2.017 2.547 2.442 105.3 
8.66 81.7 
m "Pr PI 10.670 100.1 1.967 2.020 2.534 2.444 105.5 107 
13.063 92.16 1.932 2.002 2.809 2.501 109.5 
8.944 80.88 
Vl 
0 
PI 10.898 98.43 1.928 2.012 2.833 2.514 109.8 108 
12.637 98.67 1.988 2.014 2.529 2.457 105.0 
8.972 86.78 
Table 2.2 Selected bond lengths (A) and angles (") in [M0202S2{S2P(Oipr)2h], [M020)S{S2P(Oipr)2h] and 
[MoS4 {S2P(OEt)2h]· 
Structure Space group a a. P-S Mo-S S-P-S ref. 
V-VII b ~ 
c y 
[M0202S2 {S2P(Oiprhh] Pbca 22.679 1.993 1.999 2.460 2.491 103.5 112 
V 16.224 1.977 2.010 2.481 2.490 103.9 
15.104 
[M020)S {S2P(Oipr)2h] Pbca 23.021 2.015 2.018 2.476 2.505 103.1 113 
VI 16.030 1.999 1.999 2.472 2.501 104.8 
14.792 
[MoS4 {S2P(OEthh] P21/C 14.044 1.998 2.008 2.477 2.466 102.3 114, 
VII 10.341 112.5 1.980 2.004 2.489 2.475 104.0 115 
17.821 
V> 
-
2.3 The action of the lubricant additives 
The action of metal dialkyldithiophosphates fonning protective coatings to metal 
surfaces is still not fully understood. Many attempts to detennine the mechanism of 
action of metal dialkyldithiophosphates have been reported. One of the most important 
fmdings was published by Spedding and WatkinsI16•117 on the mechanism ofzinc 
dialkyldithiophosphates (ZDDP). ZDDPs have been used in internal combustion 
engine oils for over thirty years as antiwear and antioxidant additives. Spedding and 
Watkins's conclusions are the following: 
i) ZDDPs do not fonn coatings on the working surfaces, but its the 
decomposition products do. 
ii) ZDDPs decompose in oil solution, predominantly by a hydrolytic mechanism, 
ultimately to zinc polyphosphates and a mixture of alkyl sulfides. These two 
compounds are the precursors of the antiwear activity of ZDDP. 
iii) Zinc polyphosphates are physically adsorbed on the metal surfaces and fonn a 
fluid glass between 200 - 300°C which lubricates the surface. 
iv) The alkyl sulfides in the oil react with iron oxide to fonn sulfur which 
subsequently reacts with iron to form iron sulfide (FeS). The precipitate then 
fonns a ternary eutectic with iron oxide which melts at 900°C to fonn a fluid 
film under extreme wear conditions. 
Recently Willennetl18 reported an overall view of important ZDDP antioxidation 
reaction pathways. The results suggest the antioxidation reactions of ZDDP may have 
lead to fonning precursors for inorganic film fonnation, which is a mixture of 
phosphates, thiophosphates and their esters, together with water. Reaction of growing 
phosphate chains with zinc complexes results in zinc cations associated with 
phosphate. Strong evidence has been obtained that these phosphates are fonned by 
oxidative decomposition of ZDDP, i.e. that the antioxidant and antiwear chemistries 
ofZDDP are linked . 
. Soluble sulfur-containing molybdenum compounds used as oil additives are 
clearly effective in reducing friction and wear at sliding surfaces, increasing load-
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carrying capacity and improving fuel economy. Furthermore, they act as antioxidants. 
The compounds function via decomposition and in this respect are similar to ZDDP. 
The lubricating action is then provided and maintained by the sulfur-containing 
decomposition products. Perhaps the metal complexes act as precursors of the 
tribologicallyactive substances, but the mechanism is still not fully resolved. What is 
certain is that, at high temperature and high load, additives containing metals and 
sulfur do perform better than metal-free organosulfur systems. Molybdenum-sulfur 
compounds overall perform better than other metals as lubricant additives, perhaps via 
the introduction of sulfur more effectively and also because with molybdenum there is 
the possibility of producing molybdenum disulfide. 
Aim 
Although metal dithiodialkylphosphates are widely used as lubricant additives, 
they still exhibit some problems such as corrosion to non-ferrous surfaces and limited 
solubility in oil. We would like to explore new possible additives using basic research. 
An agreeable approach to this challenge was to try to isolate MO(N3S2) with various 
sulfur containing Iigands. The final products should have molybdenum and sulfur that 
are the important ingredients as shown above. 
There has been much interest in the chemistry of molybdenum in its highest 
oxidation state when stabilised by the trianionic (N3S2i-ligand.119-127 Compounds of 
[MCh(N3S2)] (M = V, Mo and W) have been prepared by Dehnicke119 and Roesky122 
by the following routes (Scheme 2.1). 
(NSCI)3 + MoNCi3 
Scheme 2.1 Synthesis of [MoCh(N3S2)]. 
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Although in recent times very little new chemistry has been reported, there are three 
reported examples of mixed-ligand complexes of molybdenum containing (N3S2l-
with the halides displaced by 3,5-di-tert-butylcatecholate, I, I O-phenanthroline or 2,2-
bipyridyl (Equation 2.1 and 2.2, Figure 2.6).128 
4NaOMe 
1.2NaOMe 
----.... [Mo(N3S2)(DTBC)CI(L)] 2. L = phen or bpy 
(2.1) 
(2.2) 
(DTBC = 3,5-di-tert-butylcatechol; Phen = 1, I O-phenanthroline; Bpy = 2,2-bipyridyl) 
There are many reports of dithioimidophosphinates forming metal complexes 
with late first, second and third row transition metals. However, there are relatively 
few examples of this ligand co-ordinated to early transition metals; 
[Mn(CO)4{(SPPh2nN}]26 and [Mn{(SPPh2)2Nh]27 are the latest compound to date. 
Such ligands are of particular interest due the flexibility of the S-P-N-P-S backbone 
and their large S···S bite, which is larger than that of l,l-dithiophosphinate chelates 
(approx. 3.7 - 4.0 vs. approx. 3.0 A). Although there are many reported examples of 
1, I-dithiophosphinate bound to molybdenum, surprisingly there are no examples of 
molybdenum co-ordinated by dithioimidophosphinates. Molybdenum complexes with 
ligands containing sulfur have antiwear/antioxidant properties and are widely used as 
additives in lubricant oils92- 98. Here we report the preparation of [Mo(N3S2) 
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{(Ph2(O)PNP(S)Ph2h] (1) and [Mo(N3S2){ipr20PNPSiPr2h] (2). The X-ray structures 
of 1 and 2 are discussed. 
2.4 Results and discussion 
The substitution reaction of [MO(N3S2)Chh with K[N(pR2S)2] (R = Ph or ipr) is 
expected to produce Mo(N3S2){R2(S)PNP(S)R2h" Cl- (Equation 2.3). However, the 
products isolated when the metal complex [Mo(N3S2)Chh was reacted with 
KN(pPh2S)2 or KN(pipr2S)2 in dichloromethane were 
[Mo(N3S2){Ph2(O)PNP(S)Ph2h] (1) and [Mo(N3S2){ipr2(O)PNP(S)ipr2h] (2) 
(Equation 2.4). 
Dissolution of the brown suspension of [MO(N3S2)Ch] took place during the reaction, 
and an intense green solution was formed. Upon completion, the solution was filtered, 
and after work-up the resulting green powder was recrystallised from acetonitrile to 
give dark emerald green crystals. These crystals are air stable but the compounds are 
air-sensitive in solution. Compound 1 (in CDCh) displayed a group of broad peaks in 
its 31p - eH} NMR spectrum (8 = 55 ppm). 
Several repeated attempts under what we believe to be strictly anaerobic conditions 
did not stop the formation of the oxygen containing compounds. 
Spectroscopy 
Infrared spectra showed the v(MoN) has shifted to a higher frequency, from 955 cm-I 
in the starting material to 1047 cm-I for 1 and 1045 cm-I for 2. The v(Mo-S) band is 
at 395 cm-I. The v(PS) band is seen at 576 cm-I for 1 and 540cm-1 for 2. The v(pNP) 
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signal for 1 [SOS cm-I] is around the same region as [M{N(P(S)Ph2)2h] (M = Fe, Co, 
Cu or Cd). 129. 130 The v(PO) signal is assigned at 1222 cm-I for 1 and 1227 cm-I for 2. 
Table 2.3 Selected IR signals in 1 and 2. 
compound v(MoN) v(pNP) v(PO) v(PS) 
HN(pPh2S) 920vs 64Svs,613m 
KN(pPh2S) S07vs 605vs, 5S3vs 
[MO(N3S2)Ch] 955vs, S9Sm 
1 1047vs,947m SOSm 1222 651m,576vs 
2 1045vs 79Svs 1227 649vs,563w 
Details of the mass spectra ofl and 2 are shown in Figures 2.7 and 2.S. Both 
spectra contain clusters of the parent ion that are lower than expected by 32 mass 
numbers. The lower mass/charge could be the dissociated ion with one sulfur atom 
loss or the parent ion with two sulfur atoms replaced by oxygen atoms. The isotope 
distributions of both possibilities are very similar and it is not possible to distinguish 
between the two. An observed dissociation product is M - N2S2. 
976 
1068 
850 900 950 1000 1050 1100 1150 1200 
Fig.2.7 FAB mass spectrum of [Mo(N3S2){Ph2(O)PNP(S)Ph2h] 1. 
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2.5 Molecular Structure Discussion 
The X-ray structures of compounds [Mo(N3S2){Ph2(O)PNP(S)Ph2h]1 and 
[Mo(N3S2){ipr2(O)PNP(S)ipr2h] 2 (Figures 2.9 and 2.1 0) reveal that the metals are 
bound in octahedral co-ordination configuration. Listed in Table 2.4 are selected bond 
lengths and bond angles of the molybdenum compounds. In the molecules, the 
molybdenum atom is a member of nearly planar MO(N3S2) six-membered ring. In 
compound 1, the Mo-N(7) bond distance is shorter than the adjacent Mo-N(5) bond 
length [ca. 0.051 A], but is still comparable to the bond lengths in the starting metal 
complex [Mo(N3S2)Ch] [1.807(11) and 1.865(11) A].123 The Mo-N bond lengths are 
longer than Mo=N double bond in [MoCh{Ph2(O)PNP(N)Ph2h] [1.787(8) and 
1.768(1) A].23 N-S bond lengths and angles in the MO(N3S2) rings are similar to those 
in [Mo(N3S2)Ch'pyridine] [1.548(1) - 1.605(1) A and 109 - 130 "1.126 Both metal 
complexes have one sulfur atom of each N {P(S)R2h ligand replaced by an oxygen 
atom in the course of the reaction. It can be seen from the molecular structures shown 
in Figures 2.8 and 2.9 that the sulfur atoms trans to nitrogen have been replaced by 
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oxygen atoms. The molybdenum-oxygen single bond lengths are similar to those in 
[MoCh{Ph2(O)PNP(N)Ph2h] [2.183(2) A]24 and are shorter than the M=O double 
bond in [Mo02{Ph2(O)PNP(O)Ph2h] [\.680(2) A].2S The molybdenum-suIfur bonds 
are comparable to the Mo-S [2.45 A] single bond in (~NMMo204(SPh)4]. The 
O-Mo-O bond angle trans to the nitrogen atoms is acute by 7 0 while those cis 
[O-Mo-S] are less affected [- 2 0]. The Mo(OPNPS)2 rings are puckered, that can be 
described as distorted boat conformations. The phosphorus-oxygen bonds are 
comparable with those in [Mo02{Ph2(O)PNP(O)Ph2h] [1.510(2) and 1.535(2) A].2S 
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Table 2. 4 Selected bond lengths (A) and angles CO) in 1 and 2. 
[Mo(N3S2){Ph2(O)PNP(S)Ph2hl 1 [Mo(N3S2){ipr2(O)PNP(S)ipr2h12 
Mo-S(1) 2.537(3) Mo-S(1) 2.520(2) 
Mo-O(2) 2.140(7) Mo-O(2) 2.102(5) 
Mo-O(3) 2.137(7) Mo-O(2*) 2.102(5) 
Mo-S(4) 2.499(3) Mo-S(1*) 2.520(2) 
Mo-N(5) 1.867(9) Mo-N(2) 1.845(7) 
Mo-N(7) 1.816(9) Mo-N(2*) 1.845(7) 
N(7)-S(6) 1.57(1) N(2)-S(2) 1.567(7) 
S(6)-N(6) 1.64(1) S(2)-N(3) 1.605(5) 
S(I)-P(I) 2.036(4) S(I)-P(I) 2.015(3) 
P(I)-N(I) 1.593(8) P(I)-N(I) 1.597(7) 
N(I)-P(2) 1.570(8) N(I)-P(2) 1.571(7) 
O(2)-P(2) 1.507(7) P(2)-O(2) 1.525(5) 
N(5)-Mo-N(7) 93.0(4) N(2)-Mo-N(2*) 93.1(4) 
O(2)-Mo-O(3) 82.2(3) O(2)-Mo-O(2*) 85.4(3) 
S(I)-Mo-O(2) 88.3(2) S(I)-Mo-O(2) 91.9(2) 
Mo-S(I)-P(I) 103.7(2) Mo-S(I)-P(I) 111.4(1) 
Mo-O(2)-P(2) 138.1(4) Mo-O(2)-P(2) 141.3(3) 
Mo-N(5)-S(5) 137.3(7) Mo-N(2)-S(2) 137.0(5) 
N(5)-S(5)-N(6) 113.3(6) N(2)-S(2)-N(3) 112.8(5) 
S(5)-N(6)-S(6) 127.0(7) S(2)-N(3)-S(2*) 127.2(7) 
P(I)-N(I)-P(2) 129.3(6) P(I)-N(I)-P(2) 134.4(4) 
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N3 
In compound 2, the metallacycle is more symmetrical with two identical 
Mo-N bond distances. The N-S bond lengths and bond angles within the MO(N3S2) 
ring are similar to that in compound 1 but the ring is more exactly planar. 
The six-membered chelate rings of compound 1 are arranged in a boat 
conformation which are folded toward the molybdenum triazene ring. However, a 
more planar conformation is observed in compound 2 where all the bond angles in the 
MoOPNPS rings are wider than that in compound 1. The structures make a good 
comparison of the steric influence of phenyl and isopropyl substituents. 
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2.6 EPR Spectroscopy 
During the reaction the molybdenum starting material has undergone reduction 
from Mo(VI) to Mo(V) to form neutral complexes 1 and 2. The unpaired electron at 
the resulting metal centre allowed the compounds to be studied using electron 
paramagnetic resonance spectroscopy (EPR). EPR measurements in the solid state for 
both compounds are uninformative since they have broad signals in their spectra. All 
measurements were therefore obtained in toluene. The spectrum of 1 in toluene at 
room temperature (Figure 2.11) shows a sharp single line and a set of six-line satellite 
signals from hypedine interactions with 95.97Mo nuclei (I = 5 h, 25 % natural 
abundance). The observed parameters giso = 1.944 and Aiso(Mo) = 31 G are typical for 
Mo v centres with co-ordinated sulfur atoms. 
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Fig.2.11 EPR spectrum of [Mo(N3S2){Ph2(O)PNP(S)Ph2h]1 in toluene at 280 K. 
The EPR spectrum for the complex 2 at room temperature is similar to 
compound 1 (Figure 2.12). There are no significant differences between these two 
compounds, the parameters also come at giso = 1.944 and Aiso(Mo) = 31 G. 
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When the solution containing compound 1 is immobilised at 125 K (Figures 2.13 and 
2.14), the isotropic parameters (giso = 1.944 and Aiso(Mo) = 31 G) are split by the 
applied magnetic field to give the anistropic parameters [gt = 1.988, ~ = 1.924, 
g3 = 1.910, At(Mo) = 23 G, A2(Mo) = 51 G andA3(Mo) = 19 G]. The molybdenum 
hyperfme coupling (A3(Mo») on g3, is calculated below. 
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Fig.2.13 EPR Q-band spectrum of [Mo(N3S2){Ph2(O)PNP(S)Ph2hl 1 in toluene at 
125 K. 
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The resolution of the spectra is not good enough for an accurate measurement, hence, 
further assignments of the EPR spectra is not possible. 
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2.7 Friction Reducing Studies 
Objective 
1. To assess the friction reducing properties ofNa[Mo(N3S2)(DTBC)2] and 
[MO(N3S2){(ph2(O)PNP(S)Ph2h] in simple lubricant composition. 
2. To compare the friction reducing properties ofNa[Mo(N3S2)(DTBC)2] and 
[MO(N3S2){ (Ph2(O)PNP(S)Ph2h] with a commercial oil soluble Mo compound 
[Mo20 2S2(DTC)2]' 
Conditions for boundary friction measurements 
The boundary friction measurements were determined on a high frequency 
reciprocating rig (HFRR, Figure 2. I 5) at three temperatures (60, 100 and 140°C) for 
30 min at each temperature. The friction was measured using a 6 mm steel ball in a 
reciprocating motion against a flat steel plate under a load of 4 N, a stroke length of 
1 mm, and a reciprocating frequency of20 Hz. The centre line average surface 
roughness for the ball is about 0.01 J.ll11 and for the disc is about 0.02 J.ll11. The 
coefficient of friction was noted after every 5 seconds and is quoted as an average 
friction over the 30 min period. Fresh oil, disc and ball were used at each temperature. 
Vibrator 
Ball 1 
r--
./ 
F 
r 0 
lat ~ r>< 
n = n 
"-
I I 
Fig. 2.15 High frequency reciprocating rig. 
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Table 2.6 Fonnu1ation detail of the oils containing the molybdenum compounds for friction tests. 
Oil code A B C D E F G 
Dispersant 5.50 5.50 5.50 5.50 5.50 5.50 5.50 
ZDDP 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
[Mo(N3S2)(DTBC)2]Na 1.16 0.35 0.69 0.26 
[Mo(N3S2){Ph2(O)PNP(S)Ph2}2] 0.57 
[Mo20 2S2(DTC)2] 1.02 0.61 
Base oil 92.34 93.15 92.93 92.48 92.81 93.24 92.89 
Measured Mo (ppm) 1295 402 292 526 494 302 286 
Note: Dispersant - borated polyisobutylsuccinimide; ZDDP - mixture of C4 and Cs Zinc dialkyldithiophosphates; [Mo20 2S2(DTC)2] -
molybdenum dialkyldithiocarbamate (Trade name - MOL YV AN 822). 
Result and discussion 
Table 2.7 Friction data from the boundary friction measurements. 
Oil code A B C D E F G 
60°C 
Average friction 0.091 0.120 0.120 0.079 0.115 0.119 0.085 
Final friction 0.073 0.116 0.119 0.061 0.108 0.116 0.063 
Induction time (min) 4 4 4 4 4 6 7 
100°C 
Average friction 0.073 0.122 0.121 0.087 0.122 0.113 0.095 
Final friction 0.055 0.123 0.111 0.075 0.116 0.105 0.088 
Induction time (min.) 4 5 5 6 6 5 6 
140°C 
Average friction 0.057 0.081 0.111 0.082 0.074 0.098 0.088 
Final friction 0.047 0.066 0.116 0.075 0.058 0.091 0.080 
Induction time (min.) 3 6 4 4 6 7 5 
The results of the tests are list in Table 2.7. The friction coefficients at 100 and 140°C 
are quoted since these temperatures are considered the most suitable in relating to the 
performance of molybdenum friction reducing additives in the lubricated engine 
contacts. Compositions with good friction reducing properties provide low coefficient 
of friction values, i.e. the lower coefficient, the better the friction reducing property. 
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The results listed in Table 2.7 are plotted in graphs 2.1 - 2.6. The molybdenum 
compounds containing (N3S2f ligand do exhibit low coefficient of friction values at 
the required performance temperatures [lOO and 140°C], and show good comparison 
with molybdenum dialkyldithiocarbamate. Graph 2.1 shows the results of the 
boundary friction measurements of [Mo(N3S2)(DTBC)21 - and the commercial 
compound [Mo20 2S2(DTC)2] with about 500 ppm of molybdenum. For the average 
friction of molybdenum oils between 60 and lOO QC, [Mo(N3S2)(DTBC)2r showed 
respectable coefficient values with respect to its reference. However, the coefficient 
value at 140°C is lower than its reference compound. 
Graph 2.2 shows the fmal friction measurements of the surfaces with oils 
containing about 500 ppm of molybdenum. The overall trend is similar to that of 
Graph 2.1 with the coefficient value of [MO(N3S2)DTBC2] - lower than its reference at 
140°C. 
Graph 2.3 shows the results of the boundary friction measurements of 
[MO(N3S2){ (Ph2(O)PNP(S)Ph2h], [MO(N3S2)(DTBC)2] - against [Mo202S2(DTC)2] 
with about 300 ppm of molybdenum. For the average friction of molybdenum 
containing oils between 60 and 140°C, [Mo(N3S2){(ph2(O)PNP(S)Ph2h]and 
[MO(N3S2)(DTBC)2] - show relatively low coefficient values. The graph shows a 
gradual fall of coefficient value with increase in temperature for 
[MO(N3S2){ (Ph2(O)PNP(S)Ph2h]and [Mo(N3S2)(DTBC)2] - reaching lowest 
coefficient values [0.111 and 0.098] at 140°C. 
Graph 2.4 shows the final friction measurements of the surfaces associated to 
the result measured in Graph 2.3 with oils containing about 300 ppm of molybdenum. 
[MO(N3S2)(DTBC)2] - gave a decreasing fmal friction pattern with increasing 
temperature reaching its lowest at 140°C. The fmal friction given by 
[Mo(N3S2){(ph2(O)PNP(S)Ph2hl decreased from 60 to lOO QC, but its performance 
faded when the temperature was increased to 140°C. 
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Graph 2.1 Average friction of molybdenum oil [Mo - ca. 500 ppm; P - 0.08 %) 
0.12 
= <:> 0.1 .~ ... 
.. 
. ~ 
-= ... 
<:> 0.08 ... 
= .. 
. ~ 
.. 
IS 0.06 .. <:> 
U 
0.04 
60 
-+- Na[Mo(N3S2)DTBC2] 
-..-Mo202S2DTC2 
100 
Temperature, degree C 
140 
Graph 2.2 Final friction of molybdenum oil [Mo - ca. 500 ppm; P - 0.08 %) 
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Graph 2.3 Average friction of molybdenum oil [Mo - ca. 300 ppmj P - 0.08 %) 
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Graph 2.5 Average friction of molybdenum oils containing 
Na[Mo(N3S2)(DTBQ2] 
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Graph 2.6 Final friction of molybdenum oil containing Na[Mo(N3S2)DTBC2] 
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Graphs 2.5 and 2.6 show the performance of [MO(N3S2)(DTBC)2] - in four 
concentrations (302, 402, 494 and 1295 ppm of molybdenum). The general trend is 
that the compOlUld performs better with increasing temperature and concentration. 
These results demonstrate a consistency over four experiments. 
Summary 
This study shows that from the results of the tests, molybdenum compounds 
containing the (N3S2)3-ligand do have friction reducing properties. 
[Mo(N3S2)(DTBC)2r and [Mo(N3S2){(ph2(O)PNP(S)Ph2h] have demonstrated 
comparable performances with the commercial compound [M0202S2(DTCh] using 
300 ppm of molybdenum. When the molybdenum content was increased to 500 ppm 
for [MO(N3S2)(DTBC)2] -, it apparently performs better and friction is observed to be 
lower at 140 ·C than its commercial reference. It is not clear what goes on during the 
tests; whether the compounds have formed a molybdenum sulfide protective layer on 
the working surfaces or if it is the dissociated product (N2S2) that has contributed to 
reducing friction. Although these compounds are a long way from having any direct 
commercial value, they have shown a new direction for friction reduction 
development. 
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2.7 Experimental 
Na[Mo(N3S2)(DTBC)21128 was prepared according to the literature. 
1 [Mo(N3S2){(Ph2(O)PNP(S)Ph2hl: To the metal complex [Mo(N3S2)CI31x (150 mg, 
486 JUIlol) suspended in CH2Ch (25 ml) was added K[N{P(S)Ph2hl (474 mg, 
973 JUIlol) with stirring for 5 h. The dark green solution was filtered and its solvent 
removed to dryness. The resulted green-black product was then extracted in a soxhlet 
with Et20. The dark green solution was then reduced to dryness, and the product 
recrystallised from acetonitrile. Yield 119 mg (22 %). IR (KBr disc, cm-I): 3053w, 
3009vw, 1479m, 1437vs, 1248w, 1222vs, 1199vs, 1177vs, 1123vs, 1109s, 1076s, 
1047vs, 1024vs, 998s, 947m, 808m, 753s, 724vs, 695vs, 651m, 576vs, 544vs, 507vs, 
414m, 395w, 295w, 248m. (Found: C, 53.17; H, 3.65; N 7.38. Calc. for 
C4s1I4oNs02P4SMo: C, 54.03; H, 3.78; N, 6.56 %). FAB(mlz): 1068 [Mt, 976 [M-
N2S2t. Decomp. temp: 215 - 217 DC. 
2 [Mo(N3S2){ipr2(O)PNP(S)ipr2hl: The same procedure was applied with 
[Mo(N3S2)Cblx (74 mg, 240 ~mol), [HN{P(S)ipr2hl (150 mg, 478 JUIlol) and KOtBu 
(56 mg, 500 JUIlol). Yield 38 mg (20 %). IR (KBr disc, cm-I): 3053w, 3009vw, 
1479m, 1437vs, 1248w, 1222vs, 1199vs, 1177vs, 1123vs, 1109s, 1076s, 1047vs, 
1024vs, 998s, 947m, 808m, 753s, 724vs, 695vs, 651m, 576vs, 544vs, 507vs, 414m, 
395w, 295w, 248m. FAB(mlz): 796 [Mt, 704 [M - N2S2t. 
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Experimental Procedure of Friction Reducing Studies 
Samples A - D were blended by heating the dispersant and base oil at 90°C for 0.5 h. 
Then the ZDDP and the Mo compound were added at 60°C and the mixture stirred for 
a further 1 h. However, samples A - C were not homogeneous, so these were stirred 
with high shear stirrer at room temperature for 1 h. And then centrifuged for 20 min. 
At 1500 rpm to remove sediment (detailed below). 
Oil 1 0.00% volume 
Oil 2 0.04% 
Oil 3 0.10% 
Samples E, F and G were prepared by diluting proportionally samples A, B and D 
respectively with dispersant ZDDP and base oil to achieve the quantities and Mo 
content shown in Table 6. 
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Chapter 3: Synthesis, Co-ordination Chemistry and X-Ray 
Studies of Some Bis-Aminophosphines. 
3.1 Introduction 
1,2-Bis[(diphenylphosphino)methyl]benzene has been known for some timel3l 
and has been shown to form complexes containing seven-membered chelate rings 
readily.l32·m The related system, 1,4-bis(diphenylphosphino)butane also forms metal 
complexes with a wide range of transition metals.134 There is substantial interest in the 
catalytic potential of chelating diphosphine-palladiumlplatinum(11) complexes as they 
are known to be responsible for numerous types of selective chemical reactions.13S•136 
Molybdenum-bis(diphosphine) compounds137.138 have also been shown to have 
catalytic potential. S3 
Interestingly, there have been relatively few reports on non-carbon spacers 
between the carbon backbone and the adjacent phosphines. Similarly whilst the 
chemistry of acetylacetones is extensive, work on the non-carbon relatives 
R2P(E)NH(E)PR2 has been on a more modest scale until recently.46.139 The most 
efficient route for preparing Ph2PNHPPh2 with an amino spacer between the two 
phosphines is by treating Ph2PCI with NH(SiMe3)2. S Surprisingly, little advantage has 
been taken of the ease ofP-N bond-forming reactions in the synthesis of new 
phosphines, in part perhaps because of assumptions about the lability of the P-N bond. 
Nucleophilic displacement at a phosphorus centre is generalised by Equation 
3.1 where Y- is the nucleophile, X- is the leaving group and E represents cha1cogens. 
A typical example of such nucleophilic displacements is shown in Equation 3.2. 
#E #E 
y- + ~P~ 
-
~P~ + X-
"- "-X Y (3.1) 
~O ~O 
PhNH2 + (CH3)2P "-
-
(CH3)2P "-
Cl NHPh (3.2) 
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We believed if a catalytic compound was introduced, then the reaction would proceed 
at a more efficient rate. 4-Dimethylaminopyridine was chosen for its ability to 
deprotonate amino protons and regenerate. This synthetic method was the most logical 
starting point for our goal to prepare a range of diphosphine systems with amino 
spacers to aromatic backbones. Here, we describe the synthesis and complexation 
properties of some bidentate phosphines where amino groups are incorporated as 
spacers between the phosphorus atoms and the aromatic backbone. Examples of their 
co-ordination chemistry with molybdenum, palladium, platinum and gold are 
discussed. 
Results and discussion 
3.2 Ligand synthesis 
A solution of chlorodiphenylphosphine in tetrahydrofuran was added to the 
deprotonated amines, attached to the appropriate aromatic backbones, i.e. 
3,4-diaminotoluene, 1,2-diaminobenzene I ,8-diaminonaphthalene or 
1,2-diaminoethane with triethylamine in the presence a catalytic amount of 
4-dimethylaminopyridine (Equation 3.3). White precipitates formed immediately and 
the reaction went to completion when all the reagent was added. The solution was then 
separated from the ammonium salt by filtration. The filtrate evaporated to dryness to 
yield a white powder. The compounds were then triturated in diethyl ether to obtain the 
phosphines in good yield (typically 45 - 93 %). Only two organophosphorus(III) 
compounds were isolated - 1,2-bis[(diphenylphosphine)amino]benzene 3 and 
3,4-bis[(diphenylphosphine)amino]toluene 4. Compounds 3 and 4 are air stable almost 
indefinitely as solids or in solution. Attempts at recrystallisation of these two 
compounds with a number of organic solvents have been unsuccessful. Compounds 3 
and 4 gave satisfactory microanalyses. 
75 
Spectroscopy 
2E~N 
_..::D::::MA~P_ ... ~ R(NHPPh2h + 2Et3NHCI 
1;1 (,'yN-PPh2 ~ 3 N-PPh2 H 
1;1 
~N-PPh2 
~ J:j-PPh2 H 
4 
45% 
93% 
(3.3) 
Selected spectroscopic data of3 and 4 are listed in Table 3.1. Compound 3 displayed a 
singlet in the 31p - eH} NMR. spectrum [0 = 32.5]. The IHNMR. spectrum displayed 
the characteristic doublet [2NH as a doublet 0 = 4.23, 2J(pH) 8 Hz] for the amino 
proton that results from phosphorus coupling; compared to the starting material [0 = 
3.29, singlet, 4H]. Compound 4 displays two inequivalent peaks in the 31p - eH} 
NMR. spectrum [0 = 33.3 & 30.4] and a similar IH NMR. spectrum [2NH as two 
doublets at 0 = 4.38, 2J(pH) 8 Hz and 3.89, 2 J(pH) 8 Hz]. The singlet for the CH3 
group comes at 2.25 ppm. When comparing NMR. spectroscopic data in 3 and 4 with 
that of 1,2-C~(CH2PPh2)2 elp - eH} 0 = -13.5 and the IH for CH2 at 0 = 3.31], the 
amino groups in 3 and 4 apparently contribute to a significant deshielding environment 
around the adjacent phosphorus atoms between the carbon- and nitrogen-based 
systems. It is noteworthy that the op values are close to the value for Ph2PNHPPh2 [8 = 
42] suggesting that the neighbouring nitrogen atom to phosphorus dominates the 
chemical shift. Assignment of their infrared spectra is difficult, but we can identify 
v(NH) at 3328 and 3329 cm-I and v(PN) at 904 and 887 cm-I for 3 and 4 respectively. 
The v(PN) bands come at lower vibration than those in Ph2(S)PNHP(S)Ph2 [930 cm-I] 
and strongly support the existence of the P-N bond formation. The FAB mass spectra 
of 3 and 4 gave the expected parent ions with matching isotope distributions. 
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Table 3.1 Selected 1R (cm-I) and 31p NMR. (ppm) spectroscopic data for compounds 3 -14. 
Compound 31p NMR (0, JIIIz) v(NH) v(PN) v(p=E) 
3 [C~(NHPPh2h] 32.5 3328m 904vs, 868m 
4 [CH3CJI3(NHPPh2h] 33.3,30.4 3329vw, 3320m 887s, 819m 
5 [C~{NHP(O)Ph2h] 20.7 3055vw 952s,807s 1188 
6 [C~ {NHP(O)Ph2} {NHP(S)Ph2}] 53.3 [sJ(PP) 57], 20.1 [sJ(PP) 44] 3357vw, 3149w 946s,808m 1179vs, 637m 
7 [C~{NHP(S)Ph2h] 56.7 3312w 930vs,806m 639s 
8 [C~{NHP(Se)Ph2h] 53.9, [IJ(pSe) 764] 3308w 923vs,805w 559m, 545m 
9 [C~{NHP(S)Ph2}{NHP(Se)Ph2}] 56.8 eJ(pp) 13],53.4 [sJ(pP) 13, IJ(pSe) 764] 3310w 929v5,809m 638s, 556m 
10 [CIO~{NHP(S)Ph2h] 57.9 3147w 893s, 836s 629vs 
11 [CI0H6{NHP(Se)Ph2h] 53.3 [IJ(pSe) 792] 3147vw 892m, 835m 551s 
12 [CI0H6{NHP(S)Ph2}{NHP(Se)Ph2}] 56.1 [sJ(pP) 22], 53.0 [sJ(pP) 22, IJ(pSe) 792] 3143vw 8925,835s 645m, 555s 
13 [C2Hi {NHP(S)Ph2h] 60.4 3368m 863m, 853m 633s,613s 
14 [CH3CJI3{NHCH2P(S)Ph2h] 39.5 3316m 648s, 625s 
3.3 Oxidation of R(NHPPh2b with 0, S or Se 
R2PNHPR2 may be oxidised by Ss or Se in toluene at reflux to form 
[Ph2P(S)NH(S)PPh21,5 [Ph2P(Se)NH(Se)PPh216 or sequentially to give 
[Ph2P(S)NH(Se)PPh21.140 As expected the new diphosphines 3 and 4 are readily 
oxidised by oxygen, sulfur or selenium in tetrahydrofuran or toluene. We tested this 
reaction using simple phenyl compounds as well as naphthyl and ethyl backbones. 
Compound 3 in tetrahydrofuran was reacted with aqueous hydrogen peroxide at 
o °C (Equation 3.4). On addition, an exothermic reaction occurred. 60 % of the desired 
product, [C6a {NHP(O)Ph2hl 5, was isolated after work-up. The mixed oxygenlsulfur 
compound [C6a {NHP(O)Ph2} {NHP(S)Ph2} 1 6 was prepared by reacting 
C6a(NHPPh2)2 with one mole of elemental sulfur followed by one mole of aqueous 
hydrogen peroxide (Equation 3.5) in tetrahydrofuran. Compound 6 was collected after 
work-up in 63 % yield. 
R(NHPPh2)2 + 2E THF or toluene ~ R{NHP(E)Ph2h 
R = CeH4' CH3CeH3, C10He or C2H4 
E = 0, S orSe (3.4) 
[C~{NHP(S)Ph2h17, [CIOIi6{NHP(S)Ph2h110 and [C2a{NHP(S)Ph2hl 
13 were synthesised by direct oxidation with elemental sulfur of their phosphorus(Ill) 
adducts, in situ, in tetrahydrofuran at room temperature (Equation 3.4). They were 
isolated in 79, 62 and 65 % yield respectively. The selenium analogues 
[C6a{NHP(Se)Ph2h18 and [CloH6{NHP(Se)Ph2hlll were obtained by reacting the 
phosphorus(Ill) adducts, in situ, with grey selenium at room temperature in 
tetrahydrofuran. According to 31p NMR, the reactions came to completion after one 
hour at room temperature. After work-up, 85 and 22 % were isolated respectively. 
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The mixed sulfur/seleniwn compounds 9 and 12 were prepared by reacting 3 with one 
mole of sulfur for one hour followed by one mole of grey seleniwn in tetrahydrofuran 
(Equation 3.6). After work-up, yields of 94 and 45 % respectively were collected. 
THF or toluene 
~ R{NHP(S)Ph2S}{NHP(Se)Ph2} 
R = benzyl or naphthyl (3.6) 
Compounds 5 - 12 can be easily recrystallised from CH2ChlEt20. 13 was 
recrystallised from methanol or CH2ChlEt20. All the oxidised compounds listed in 
Table 3.1 are colourless in appearance. 
3,4-CH3CJI3(NH2)2 was dissolved in dichloromethane and two equivalents of 
Ph2P-CH20H were added (Equation 3.7). The reaction mixture was stirred overnight. 
31p NMR registered the phosphorus(llI) intennediate as 1) = -18 pprn in 
dichlorornethane. The solvent was then replaced with diethyl ether and elemental 
sulfur was added. The product precipitated out of solution as a white powder, which 
was then collected by filtration in 53 % yield. It melts between 140 - 142°C, and 
displays the expected isotope distribution pattern with the correct mass nwnbers in its 
F AB mass spectrwn. 
(3.7) 
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Spectroscopy 
The selected IR and NMR. data for the organophosphorus(V) compounds 5 - 14 are 
given in Table 3.1. Compound 5 displays in its phosphorus NMR. a singlet at 20.7 ppm 
which is the expected chemical shift [- 12 ppm lower frequency] for oxygen co-
ordinated to phosphorus(V). The 31p - eH} NMR. spectra of compounds 7, 10 and 13 
containing exclusively sulfur at phosphorus displayed the expected singlets [0 = 56.7, 
57.9 and 60.4 respectively] and are shifted to around 30 ppm higher frequency from 
P(III) to P(V). Compounds 8 and 11 contained singlets with selenium satellites in the 
31p _ eH} NMR. spectrum [0 = 53.9, IJ(pSe) 764 Hz and 53.3, IJ(pSe) 792 Hz 
respectively]. The mixed oxidised compound 6, containing oxygen and sulfur, is like a 
fusion of two halves of compounds 5 and 7, and evidently similar 31p NMR. couplings 
are found (20.1 ppm eJ(pp) 44 Hz and 53.3 ppm [sJ(pP) 57 Hz] respectively). It is not 
clear why the coupling ofP=O is smaller than P=S, but this consistent with 
[Ph2(O)PNHP(S)PPh2].16.39 Compound 9, containing a sulfur and a selenium atom at 
either phosphorus atom, displays two doublets in its 31p - {IH} NMR. spectrum, this 
illustrates the inequivalent environment in the two phosphorus groups. The chemical 
shifts are comparable to those in compounds 7 and 8 co-ordinated exclusively by sulfur 
and selenium respectively. Compound 12 is similar to 9 which also displays two 
doublets with selenium satellites in its 31p - eH} NMR. spectrum, the one at higher 
frequency is assigned to P=S and the other to P=Se. The naphthyl backbone of 
compound 12 apparently shows no difference in chemical shift compared to that in 
compound 9 containing a phenyl backbone. Compound 14 displays its phosphorus 
peak at 39.5 ppm as a singlet which has moved 59 ppm higher than its phosphorus(III) 
intermediate [-19.2 and -19.4 ppm for CH3C~3(NHCH2PPh2n]. According to its 
NMR. spectrum, the inequivalent nature of the two phosphorus(V) atoms is no longer 
observed compared to its phosphorus(III) intermediate. This compound demonstrates 
well the deshielding effect by nitrogen atoms in close proximity to phosphorus atoms, 
compared to that of carbon atoms. The chemical shift of the intermediate of compound 
14 [-19.2 and -19.4 ppm for CH3C~3(NHCH2PPh2)2] is 52 ppm different when 
compared to that in CH3C~3(NHPPh2)2 4 [33.3 and 30.4 ppm]. However, the 
chemical shift for the phosphorus(III) atoms are in the similar region in 
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1,2-C~(CH2PPh2)2 [15(P) = -13.5 ppm]. The difference in the chemical environment 
of compound 14 compared to that in 6 - 13 is smaller [- 14 - 20 ppm]. 
IH NMR spectra of 7, 10 and 13 display NH peaks at higher frequencies [as a 
doublet 15 = 6.60, 5.80, 6.77 and 3.48] than those of their phosphorus(lII) precursors. 
The amino hydrogen atoms of compound 9 are assigned as two sets of triplets in its IH 
NMR spectrum, this are due to couplings from both inequivalent phosphorus 
environments. The IH NMR spectrum for 11 displays the NH peaks at 15 = 6.69 as a 
doublet. The proton NMR of compound 14 shows CH3 at 2.09 ppm, CH2 at 3.83 ppm 
as a triplet, and NH at 4.19 ppm as a broad singlet. Phosphorus nuclei coupling of the 
ethyl proton is observed, but the coupling on the amino hydrogen through two atoms is 
less effective compared to that in CH3C6H3(NHPPh2)2 4 [2NH as two doublets at 4.38 
& 3.89ppm]. 
These compounds display comparable vibrations to that in 
Ph2P(E)NHP(E')Ph2 (Table 3.2). The v(PO) are assigned at around 1180 cm-I, the 
v(PS) are assigned at around 630 cm-I. The v(pSe) are assigned at around 550 cm-I, 
which are the expected wavenumbers for phosphorus-chalcogen vibrations. There is a 
consistent pattern where the v(PN) in the naphthyl compounds is lower than that in 
phenyl. The v(pN) bands for compounds 5 - 13 and are comparable with 
Ph2P(E)NHP(E')Ph2 (E,E' = 0, S or Se, Table 3.2). 
Table 3.2 Selected infrared vibrational data (cm-I) of 
[Ph2P(0)NHP(S)Ph2] and [Ph2P(0)NHP(Se)Ph2].39 
v(PO) 
[Ph2P(0)NHP(S)Ph2] 1206, 1190 
[Ph2P(0)NHP(Se)Ph2] 1200,1182, 
v(PN) 
937 
938 
v(pS, Se) 
628,615 
541 
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3.4 Molecular Structure Discussion 
The X-ray structures of 5, 8 and 10 - 14 confirmed the proposed structures. 
Comparative selected bond lengths are given in Table 3.3. The molecular structure of 
[C~ {NHP(O)Ph2h15 reveals the phosphorus groups are situated in a symmetrical 
arrangement about the crystallographic centre of symmetry passing through C(I) and 
C(1 *). The oxygen atoms are located above and below the coplanar N(I)-C(I)-
C(1 *)-N(1 *) plane (Figure 3.1). 
Table 3.3 Comparative selected bond lengths (A) and angles CO) for compounds 5, 
7, 9, 10, and 13. 
5 7 9 10 13-
P-E 1.488(3) 2.081(6) 1.951(4) 2.112(2) 1.936(3) 
2.107(5) 1.957(4) 2.111(8) 1.943(2) 
P-N 1.659(3) 1.700(13) 1.659(7) 1.646(4) 1.649(5) 
1.638(13) 1.655(7) 1.676(4) 1.654(5) 
C-N 1.415(5) 1.400(20) 1.469(10) 1.449(6) 1.479(8) 
1.413(19) 1.464(1) 1.439(6) 1.523(8) 
N-P-E 118.5(2) 115.8(5) 117.6(5) 114.2(1) 119.1(2) 
114.3(5) 114.2(3) 116.8(2) 118.3(2) 
C-N-P 128.0(3) 127.3(12) 121.0(6) 122.8(3) 121.2(5) 
124.5(12) 121.6(6) 120.8(3) 123.5(4) 
E···E conformation anti anti anti anti anti 
For 7,9 and 10 the different P-EIP-N, etc. values are for the related bonds within 
the same molecule, whilst for 13 there are two independent half molecules with the 
one unique parameter reported for each independent molecule. 
* The second value of (e.g. P-E) comes from the second independent molecule 
throughout. 
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In [C6H!{NHP(Se)Ph2h] 8 the amino nitrogen atoms are approximately coplanar with 
the aryl backbone, with one phosphorus also lying in this plane and the other 
phosphorus atom above the plane of the aryl backbone (Figure 3.2). There is a weak 
intramolecular H-bond between the selenium atom of the phosphorus group above the 
aryl plane to the amino hydrogen on that plane [H(I)"'Se(2) 2.82 A]. 
Fig.3.1 Molecular structure of [C6H!{NHP(O)Ph2h] 5. 
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c0 er" , P d '-~ So(2) 
P(l) n C(2) ~ c~j1~ P(2) ~'---"~ N(2) 
S8(lV .. 1 n(H v ~ o )-~ C.(~ 
~~ 
B 
Fig.3.2 Molecular structure of[CJ14{NHP(Se)Ph2h]S. 
Fig.3.3 The molecular structure of [ClOH6{NHP(S)Ph2h] 10, 
[ClOH6{NHP(Se)Ph2h]11 and [ClOH6{NHP(S)Ph2} {NHP(Se)Ph2} ]12 are 
isomorphous. 
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naphthalene plane. The pyramidalisation at nitrogen in 10 - 12 leads to these structures 
being chiral. This is most obvious in the case of 10, where the R,R conformation is 
clearly identified. However in 11 although the pyramidalisation is clear at N(l) (R 
form) it is less pronounced at N(8). 
In 13 the molecular structure reveals two independent half molecules (Figure 
3.4) both of which are located on crystallographic centres of symmetry. There is a 
weak intermolecular H-bond between the two independent molecules [H(ln*)"'S(2) 
2.48, N(l *)"'S(2) 3.50 A, N(l *)-H(ln*)"'S(2) 144°]. 
~) 8(11 A 
D N(1)r 0 ~~" C(1*) ~ D J1-,J-Jb ~~~'~{1*) ) r N(1*) t"J: 
O~ 
Fig. 3. 4 Molecular structure of [C2~{NHP(S)Ph2h]13. 
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The molecular structure of [3,4-CH3CJI3{NHCH2P(S)Ph2h]14 shows that the 
nitrogen atoms are on the same plane as the tolyl backbone. The hydrogen bonding of 
H(2) to S(2) [H(2)···S(2) 2.25 A] draws one sulfur in a cis arrangement, while the 
other sulfur atom shows no intramolecular interaction and is located in the trans 
conformation away from the amino centres. 
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3.5 Co-ordination chemistry of 3,4-C7H6(NHPPh2)2 
Octahedral Complex 
3,4-Bis[( diphenylphosphine )amino ]toluene reacts immediately with 
[Mo(COMpip)2]141 (pip = piperidine) to displace the piperidine molecules to form a 
seven-membered ring metal complex with molybdenum, cis-
(3.8) 
PPM 86.0 84.0 83.0 
cis-[Mo(COMC7~(Ph2PNH)2}] displays an AB system in its 31p - eH} NMR. 
spectrum (0 = 85.0 and 84.4 ppm eJ(pp) 35 Hz]. The two inequivalent phosphorus 
atoms couple through the metal centre at 35 Hz (Figure 3.6). Compound 15 displays 
the difference in the two inequivalent phosphorus peaks [M = 2.91 ppm]. In the free 
ligand this is decreased [.M = 0.3 ppm], while the P-Pd-P coupling constant is 31 Hz 
(see Figure 3.8). Clearly the two phosphorus atoms have become nearly identical. 
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The molecular structure of the molybdenum complex reveals (Figure 3.7) it to 
be a distorted octahedron with the carbonyl groups pushed away slightly by the close 
proximity of the phenyl groups of the phosphorus atoms. The seven-membered ring 
reveals some modest distortions from symmetric (Table 3.4) with the tolyl backbone 
bent towards the metal centre. In plane one, the N(1)-N(2)-C(1)-C(2) plane exists 
with a mean deviation of 0.0626 A from plane. In plane two, the Mo-P(1)-P(2)-C(8)-
C(10) plane exists with a mean deviation of 0.004 A from plane, and it is bent below 
plane one by 90.27 0. The molecule (excluding the CH3 substituent) possesses 
approximate non-crystallographic C2 symmetry about an axis passing through the Mo 
atom and the middle of the C(1)-C(2) bond. 
~.(Jo 
P2 
C~M01 
if~ 
cf ~ 
Fig.3.7 Molecular structure of cis-[Mo(CO)4 {(Ph2PNH)2C7~} ]15. 
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Table 3.4 Comparative selected bond lengths (A) and angles (0) for the 
molybdenum and palladium complexes; L = [3,4-CH3C6H3(NHPPh2)2]. 
cis-[Mo(CO)4~] cis-[PdCh~] 
M-P(l) 2.516(2) 2.234(2) 
M-P(2) 2.471(2) 2.245(2) 
P(I)-N(I) 1.688(6) 1.700(7) 
P(2)-N(2) 1.717(6) 1.681(8) 
N(I)-C(I) 1.415(9) 1.462(11) 
N(2)-C(2) 1.456(9) 1.407(10) 
C(1)-C(2) 1.382(10) 1.386(11) 
P(I)-M-P(2) 84.6(1) 91.31(8) 
M-P(I)-N(I) 115.6(2) 114.0(2) 
M-P(2)-N(2) 113.9(2) 117.6(3) 
P(I)-N(I)-C(I) 128.4(5) 113.2(5) 
P(2)-N(2)-C(2) 114.7(5) 128.9(6) 
N(I)-C(I)-C(2) 124.5(7) 118.7(8) 
N(2)-C(2)-C( 1) 120.5(6) 126.0(9) 
Square Planar Complexes 
3,4-C7~(NHPPh2)2 reacts with [MCh(COD)] 142 to fonn the expected seven-
membered chelate complex with the phosphorus atoms in the cis position [M = Pd, 16 
and Pt, 17] (Equation 3.9). 
[MCI2(COD)] + (PPh2NHhC7Hs - [MCI2{(PPh2NHhC7HJI 
M=PdorPt (3.9.) 
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cis-[PdCh{ (ph2PNH)2C7H6}] displays an AB system in its 31p - eH} NMR 
spectrum (62.8 and 59.7 ppm eJ(Pp) 31 Hz)). The two inequivalent phosphorus atoms 
interact through the metal centre with a coupling constant of 31 Hz (Figure 3.8). 
Similarly cis-[PtCh{(ph2PNH)2C7H6}] displays an AX spectrum with platinum 
satellites in the 31p - eH} NMR spectrum (B = 39.0 [IJ(PPt) 3952 Hz, 2J(pp) 13 Hz] 
and 36.3 ppm [IJ(pPt) 3952 Hz, 2J(pp) 13 Hz)). The two inequivalent phosphorus 
atoms couple through the metal centre at 13 Hz (Figure 3.9). In 16 the difference in the 
twoinequivalent phosphorus peaks [AB = 2.91 ppm] in the free ligand is increased [AB 
= 3.2 ppm] with P-Pt-P interaction [31 Hz] similar to 15 [35 Hz]. In 17 the two 
phosphorus NMR peaks differ by 2.70 ppm, but the P-Pt-P coupling constant [13 Hz] 
is much smaller than 15 and 16. In general the Pt-P(llI) bond length is shorter than 
Pd-P(llI) which is a probable cause of smaller P-Pt-P interaction with respect to 
P-Pd-P and P-Mo-P of 15 and 16. 
• 40 
Fig.3.8 31p NMR [36.21 MHz] of cis-[PdCh{(Ph2PNH)2C7a;}] 16. 
• PPIVI 
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The X-ray structure of 16 (Figure 3.10) reveals the seven-membered ring to 
have a similar geometry to that in 15. The aryl nitrogen atoms are coplanar w.r.t. the 
backbone with this backbone tilted w.r.t. the metal co-ordination plane. The bond 
lengths and angles follow similar trends in 15 and 16. 
Fig.3.10 Molecular structure of cis-[PdCh{(Ph2PNH)2C7Ht;} ]16. 
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Linear Complex 
Gold phosphines have been intensively investigated as new anti-tumour drugs. 
More promising indications of anti-cancer activity were shown by a series of digold 
phosphine complexes [dppe(AuClh].14l The reaction of [AuCl(THT)] (TIlT = 
tetrahydrothiophene)I44 with 3,4-bis[(diphenylphosphine)amino]toluene leads to 
[(AuClh{(ph2PNH)2C7lI<;}]18 in good yield. The product was isolated as a light 
brown powder. Compound 18 displays two resonances in its IIp - eH} NMR 
spectrum [0 = 60.8 and 59.6 ppm]. The difference in the two inequivalent phosphorus 
peaks is reduced [~o = 1.2 ppm] compared to [~o = 2.9 ppm] in the free ligand. The IH 
NMR spectrum showed NH as two broad singlets (0 5.45 and 5.33 ppm). Assignment 
of the infrared spectrum oft8 is difficult, but we can identify v(NH) at 3357cm-1 and v 
(PN) at 886cm-1 respectively. The FAB+ mass spectrum oft8 gave the expected parent 
ions with appropriate isotopes distributions and fragmentations. 
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3.6 Experimental 
3 1,2-CJl4(NHPPh2)2: To a solution of 1,2-CJl4(NH2)2 (2.58 g, 23.9 mmol) in THF 
(50 ml) was added Et3N (6.4 ml, 47.8 mmol) and DMAP (100 mg, 0.8 mmol). A THF 
(50 ml) solution ofPh2PCI (8.6 ml, 47.8 mmol) was added dropwise to the above 
reaction mixture, a white precipitate of [Et3NH] Cl formed immediately. Stirring was 
continued for 3 h. The solution was filtered through a sintered frit and the residue 
washed with TIiF (2 x 30 ml). The filtrate was evaporated to dryness and then the 
light brown oil was washed with Et20 (3 x 50 ml) to give a light brown powder in a 
crude yield of 5.09 g (45 %). Mp: 82 - 85°C. NMR (CDCh): IH; 7.37 (m, aromatic 
H), 6.85 (m, aromatic H), 4.35 (2H, d, NH). 13C; 131.2, 130.9, 129, 128.5, 128.4, 
121.9, 119.8, 119.5. 31p; 32.5 ppm. IR (KBr disc, cm-I): 3328w, 3066vw, 3044w, 
3001 vw, 1648vw, 1593s, 1578m, 1492s, 1455m, 1433s, 1357w, 1338vw, 1291m, 
1265w, 1245m, 1182w, 1154w, 1091s, 1068m, 1037m, 1025m, 998m, 939m, 904vs, 
868m, 847m, 752vs, 738vs, 696vs, 619w, 572w, 515vs, 470vs, 438s, 422m, 361m, 
348m, 302s. FAB (mlz): 477 [M + Ht. Found: C, 74.87; H, 5.56; N, 4.28 %. 
(C30H2~2P2 requires C, 75.62; H, 5.50; N, 5.88 %.) 
4 3,4-CH3CJI3(NHPPh2)2: To a THF (50 ml) solution of3,4-CH3CJI3(NH2)2 (3.8 g, 
31.1 mmol) was added Et3N (9 ml, 64.6 mmol) and DMAP (200 mg, 1.6 mmol). A 
solution ofPh2PCI (11 ml, 60.3 mmol) in THF (100 ml) was added dropwise to the 
above mixture. Stirring was continued for 2 h. The solution was filtered through a 
sintered frit and the residue washed with THF (2 x 40 ml). The filtrate was evaporated 
to dryness in vacuo. The product was washed with EhO (2 x 50 ml) and then dried in 
vacuo to give a yield of 14.1 g (93 %). Mp: 71 - 73°C. NMR (CDCh): 31p; 33.3, 30.4 
ppm, IH; 7.21 (m, aromatic H), 6.90 (aromatic, m), 6.84 (aromatic, d), 6.50 (aromatic, 
d), 4.38 (IH, d, NH), 3.89 (!H, d, NH), 2.12 (3H, s, CH3). 13C; 128 (aromatic, m, C), 
19.8 (IC, d, CH3). IR (KBr disc, cm-I): 3329vw, 3320m, 3067vw, 2954vw, 1656vw, 
1647vw, 1608m, 1571w, 1504vs, 1479s, 1433vs, 1365m, 1325w, 1297s, 1262m, 
1174m, 1114m, 1093s, 1069w, 1026w, 999w, 960m, 887s, 849m, 819m, 749s, 738vs, 
696vs, 508s. FAB (mlz): 491 [M + Ht. Found: C, 73.94; H, 5.65; N, 5.49 %. 
(C3IH2SN2P2 requires C, 75.91; H, 5.75; N, 5.71 %.) 
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5 [1,2-C6R!{NHP(O)Ph2h]: To a solution of compound 3 (6.6 g, 13.8 mmol), in TIIF 
(150 ml) at 0 °c, was added aqueous H202 (30 %, 3 ml) dropwise. MgS04 was added 
and stirred overnight. The filtration and the removal of the solvent gave the product as 
a white powder in 4.2 g (60 %) yield. Mp: 228 - 230°C. NMR (CDCh): 31p; 20.7 
ppm. IR (KBr disc, cm-I): 3055vw, 2868vw, 1648s, 1591vs, 1561m, 1504vs, 1439vs, 
1421vs, 1295s, 1188s, 1122s, 107ls, 1043rn, 1025w, 998vw, 943w, 9528, 852vw, 
807m, 751s, 725s, 694s, 607m, 538s, 459rn, 439m, 360w. FAB (mlz): 531 [M + Nat, 
509 [M + Ht. Found: C, 67.67 H, 4.45; N, 5.02 %. (C3oH2~2P202 requires C, 70.86; 
H, 5.15; N, 5.51 %.) 
6 [1 ,2-C6R! {NHP(O)Ph2}{NHP(S)Ph2} ]: Compound 3 was prepared as described 
above with C6R!(NH2)2 (0.76 g, 7.03 mmol), Et3N (2 ml, 15 mmol), Ph2PCI (2.5 ml, 
14 mmol) and a catalytic amount ofDMAP in TIIF (100 ml). Ss (180 mg, 5.6 mmol) 
was added and stirred for 30 min, and then cooled to around 0 °c, followed by 
aqueous H202 (30 %, 2 ml) and then stirred overnight. The solution was filtered and 
the solvent removed to give a white powder. The product was then triturated with 
EhO and a yield of2.3 g (63 %) was collected. Mp: 165 - 168°C. NMR (CDCh): 31p; 
53.3 [sJ(pP) 57 Hz] and 20.1 ppm [sJ(pP) 44 Hz]. IR (KBr disc, cm-I): 3357vw, 
3149w, 3053m, 2811vw, 1648w, 1590m, 1500vs, 1438vs, 1413s,)296s, 1179vs, 
1123vs, 1l06vs, 107lw, 1046w, 998vw, 946s, 808m, 792m, 749s, 723s, 695vs, 637rn, 
612m, 539s, 525s, 442w. FAB (mlz): 547 [M + Nat, 525 [M + Ht. Found: C, 69.08 
H, 4.81; N, 5.26 %. (C3oH2~2P20S requires C, 68.69; H, 5.00; N, 5.34 %.) 
7 [1,2-C6R!{NHP(S)Ph2h]: Sulfur (462 mg, 14.4 mmol) was added to a solution of3 
(3.38 g, 7.1 mmol) in TIIF (50 ml). Upon dissolution of sui fur an exotherrnic reaction 
occurred. The solvent was evaporated to dryness in vacuo and the white powder 
washed with carbon disulfide (2 x 30 ml) and Et20 (2 x 30 ml) to give a yield of 
3.03 g (79 %). Mp: 164 - 167°C. NMR (CDCh): 31p; 56.7 ppm. IR (KBr disc, cm-I): 
3312w, 3054w, 1640m, 1600m, 1561w, 1499s, 1436vs, 1382rn, 1295rns, 1258w, 
1206vw, 1l04vs, 1049w, 1027vw, 998vw, 943w, 930vs, 896w, 806w, 750vs, 714vs, 
692vs, 661w, 639vs, 631s, 614m, 565w, 509s, 496s, 451w, 439w, 407w. FAB (mlz): 
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· 563 [M + Nat, 541 [M + H]+, 540 [M]+, 324 [MH - Ph2PSt, 291 [MH - Ph2PS2t. 
Found: C, 65.28; H, 4.54; N, 5.19 %. (C30H26N2P2S2 requires C, 66.65; H, 4.85; N, 
5.18 %.) 
8 [1,2-C~{NHP(Se)Ph2hl: Grey seleniwn (1.5 g, 19 rnrnol) was added to a solution 
of3 (4.52 g, 9.5 rnrnol) in toluene (150 ml), and stirred for 1 h. - a white precipitate 
formed within 10 min. of addition of grey seleniwn. 100 ml of THF was added to 
dissolve the product and the solution was then passed through celite. The solvent was 
removed (rotavap.) to yield 5.14 g (85 %). Mp: 112 - 115°C. NMR (CDCh): 31p; 
53.9 ppm [IJ(pSe) 764 Hzl. IR (KBr disc, cm-I): 3308w, 3052vw, 1600w, 1561w, 
1498s, 1478m, 1435vs, 1381m, 1311w, 1293m, 1255m, 1184w, 1100vs, 1049w, 
1026vw, 998vw, 944w, 923s, 891w, 853vw, 805w, 750vs, 714s, 690vs, 618vw, 
606vw, 559s, 545s, 522s, 508s, 489s, 387w. FAB (m1z): 637 [M + H]+, 636 [M]+. 
Found: C, 56.20; H, 3.94; N, 4.40 %. (C30H2~2P2Se2 requires C, 56.80; H, 4.13; N, 
4.42 %.) 
9 [1 ,2-C~ {NHP(S)Ph2}{NHP(Se )Ph2} 1: The intermediate was prepared in the same 
way as compound 3 1,2-C~(NH2h (1.36 g, 12.6 rnrnol), Et3N (3.6 ml, 26 rnrnol), 
DMAP (55 mg, 0.4 rnrnol), Ph2PCl (4.5 ml, 25.1 rnrnol): - Ss (403 mg, 12.6 rnrnol) 
was added and stirred for 1 h. Grey seleniwn (993 mg, 12.6 rnrnol) was then added 
and allowed to react overnight. The solution was passed through celite, then the 
solvent was removed in vacuo and the product was washed with Et20 (2 x 40 ml) to 
give a yield of6.98 g (94 %). Mp: 170 - 172 °C. NMR (CDCh): 31p; 56.8 [sJ(pP) 13 
Hzl, 53.4 ppm [sJ(pP) 13 Hz, IJ(PSe) 764 Hz]. IR (KBr disc, cm-I): 3310w, 3055vw, 
1647w, 1596m, 1561w, 1499vs, 1479m, 1458w, 1436vs, 1382s, 1294vs, 1256m, 
1184s, 1158m, 1101vs, 1070w, 1049w, 1026w, 998w, 943m, 929vs, 894m, 854vw, 
809m, 790m, 750vs, 714vs, 691vs, 638s, 614m, 607m, 556s, 524s, 507s, 494s, 439w, 
401w. FAB (m1z): 611 [M + Nat, 589 [M + Ht, 588[M]+. Found: C, 61.01; H, 4.15; 
N, 4.66 %. (C3oH2~2P2SSe requires C, 61.33; H, 4.46; N, 4.77 %.) 
10 [1,8-Clo~{NHP(S)Ph2hl: This compound was prepared in the same way as 
compound 3 1,8-CloH6(NH2)2 (1 g, 6.5 rnrnol), Et3N (1.9 ml, 14.3 rnrnol), DMAP (80 
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mg, 0.6 mmol), Ph2PCI (2.3 ml, 12.8 mmol), and Ss (500 mg, 16 mmol) were used to 
give a yield of2.37 g (62 %). Mp: 238 - 241°C. NMR (CDCh): 31p; 57.9 ppm. IR 
(KBrdisc, cm-I): 3147w, 3055vw, 1639vw, 1600w, 1577m, 1561vw, 1510vw, 
1437vs, 1396s, 1310m, 1267vs, 1177vw, 1161vw, 1108vs, 1107vs, 1069vw, 1035vs, 
998w, 922w, 893s, 836s, 766vs, 745vs, 730vs, 718vs, 690vs, 648s, 629vs, 613vs, 
565s, 520vs, 502vs, 485s, 436m, 420s, 390s. FAB (m/z): 591 [M + Ht. Found: 
C, 68.54; H, 4.47; N, 4.64 %. (C34H2SN2P2S2 requires C, 69.14; H, 4.78; N, 4.74 %.) 
11 [1,8-Cl0H6{NHP(Se)Ph2h]: This compound was prepared in the same way as 
compound 8, 1,8-Cl0H6(NH2)2 (1.2 g, 7.6 mmol), Et3N (2.2 ml, 15.8 mmol), DMAP 
(50 mg, 0.4 mmol), Ph2PCI (2.6 ml, 14.5 mmol), and grey selenium (1.2 g, 15 mmol) 
were used to obtain a yield of 1.2 g (22 %). Mp: 260 - 264°C. NMR (CDCh): 31p; 
53.3 ppm [IJ(pSe) 792 Hz]. IR (KBr disc, cm-I): 3127vw, 3049vw, 1598vw, 1575vw, 
1475vw, 1436s, 1390s, 1309w, 1265s, 1097s, 1069w, 1034s, 1027m, 998w, 978vw, 
921 w, 892m, 867vw, 835m, 763vs, 742vs, 725vs, 712m, 689vs, 640w, 619w, 569s, 
551vs, 515s, 497m, 481m, 460m, 382m. FAB (m/z): 687 [M + Ht, 686 W. Found: 
C, 58.83; H, 3.44; N, 4.08 %. (C34H2SN2P2Se2 requires C, 59.66; H, 4.12; N, 4.09 %.) 
12 [l,8-Cl0H6{NHP(S)Ph2}{NHP(Se)Ph2}]: This compound was prepared in the same 
way as compound 9 where 1,8-C lOH6(NH2)2 (755 mg, 4.8 mmol), Et3N (1,4 ml, 
10 mmol), DMAP (30 mg, 0.2 mmol), Ph2PCI (1.6 ml, 9.3 mmol), Ss (125 mg, 
3.9 mmol) and grey selenium (308 mg, 3.9 mol) were used to give a yield of 1.4 g, 
45 %. Mp: 250 - 252°C. NMR (CDCh): 31p; 56.1 [5 J(pP) 22 Hz], 53.0 ppm [5 J(PP) 
22 Hz, IJ(p=Se) 792 Hz]. IR (KBr disc, cm-I): 3143vw, 3054vw, 1642vw, 1613w, 
1599w, 1576m, 1478w, 1436s, 1393s, 1309m, 1266s, 1162w, 1123vw, 1097s, 1070w, 
1034s, 998m, 979vw, 921m, 892s, 835s, 764vs, 744vs, 728vs, 713vs, 690vs, 645m, 
630s, 612s, 555s, 538s, 517s, 501s, 482m, 470m, 388s. FAB (m/z): 639 [M + Ht. 
Found: C, 63.86; H, 3.80; N, 3.99 %. (C34H2SN2P2SSe requires C, 63.94; H, 4.42; 
N, 4.39 %.) 
13 [1 ,2-C2~ {NHP(S)Ph2h]: This was prepared in the same way as compound 7 
1,2-C2~(NH2)2 (0.9 ml, 13.5 mmol), Et3N (4.2 ml, 30.1 mmol), DMAP (100 mg, 
96 
0.8 mmol), Ph2PCI (5 ml, 27.8 mmol), and Ss (0.9 g, 28.1 mmol) were used to give a 
yield of 4.5 g (65 %). Mp: 118 - 121 DC. NMR (CDCh): 31p; 60.4 ppm. IR (KBr disc, 
cm-I): 3368m, 3266w-br, 3052w, 2977w, 2937w, 2879w, 2739w, 2677w, 2603m, 
2495m, 14765, 1437vs, 1398s, 1384m, 1309w, 1201m, 1173m, 1105vs, 1083vs, 1037s, 
997m, 863m, 853m, 807w, 754s, 7425, 716vs, 698vs, 692vs, 633s, 627s, 613s, 531s, 
497s, 462w, 404w, 247m, 240w. FAB (m/z): 515 [M + Na]+, 493 [M + Ht. Found: 
C, 62.65; H, 4.92; N, 5.56 %. (C26H2~2P2S2requires C, 63.40; H, 5.32; N, 5.69 %.) 
14 [3,4-CH3C6H3{NHCH2P(S)Ph2h]: To a CH2CI2 (100 ml) solution of3,4-
CH3C6H3(NH2h (1.39 g, 11.4 mmol) was added Ph2P-CH20H (4.92 g, 22.7 mmol). 
Stirring was continued overnight. Sulfur (0.64 g, 20.1 mmol) was added and a white 
precipitate formed within 2 h. The product was filtered and washed with Et20 (2 x 50 
ml) and then dried in vacuo to give a yield of3.51 g (53 %). Mp: 140 - 142 DC. NMR 
(CDCh): 31p; 39.5 ppm, IH; 4.19 (broad, s, 2NH), 3.83 (4H, t, 2CH2), 2.09 (3H, s, 
CH3). IR (KBr disc, cm-I): 3316m, 3051m, 2909w, 2858m, 2811m, 1612s, 1586s, 
1517vs, 1480m, 1435vs, 13075, 12395, 1222s, 1180ms, 1101vs, 998m, 890w, 861m, 
8445, 792ms, 748vs, 726vs, 709vs, 690vs, 648vs, 625vs, 611vs, 580m, 503vs, 479ms, 
440m ,389m, 364w. FAB (m/z): 605 [M + Nat, 583 [M + Ht. Found: C, 66.82; 
H, 4.82; N, 4.35 %. (C3IH2SN2P2 requires C, 68.02; H, 5.54; N, 4.81 %.) 
15 cis-[Mo(CO)4{(Ph2PNH>2C7H6}]: To a partially dissolved solution of 
[Mo(COMpiph] (99 mg, 262 fllllol) in CH2Cb (15 ml) was added compound 4 
(147 mg, 300 J.Ullol). The cloudiness in the solution disappeared after 5 min. of 
stirring. Stirring was continued for 2 h. and then the solvent was removed in vacuo. 
The light yellow product was washed with petroleum ether (2 x 20 ml) and dried in 
vacuo yielding 180 mg (98 %). Mp: 208 - 211 DC. NMR(CDCh): 31p; 85.0, 84.4 ppm 
fJ(pp) 35 Hz]. IR (KBr disc, cm-I): 3333vw, 3054vw, 2924vw, 2853vw, 2026vs, 
1947vs, 1911vs-br,1608vw, 1585vw, 1509m, 1479m, 1433s, 1365w, 1295m, 1260w, 
1217vw, 1181vw, 1159vw, 1125w, 1090s, 1071vw, 1027vw, 999vw, 963vw, 907m, 
858vw, 815vw, 742s, 697vs, 647vw, 607s. FAB (m/z): 700 [Mt. Found: C, 59.65; 
H, 3.60; N, 4.02 %. (C3sH2sN204P2Mo requires C, 60.18; H, 4.04; N, 4.01 %.) 
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16 cis-[PdCIz{(Ph2PNH)2C7lI(;}]: To a solution of [PdCh(COD)] (33 mg, 88 JlIllol) in 
CH2Clz (5 ml) was added 4 (44 mg, 90 /lmol). The solvent was removed and the 
product washed with petroleum ether (2 x 10 ml) to give a crude yield of 56 mg 
(94 %). Decomp. temp; 200 - 202°C. NMR (CDCh): 31p; 62.8 and 59.7 ppm eJ(pp) 
31 Hz]. IR(KBr disc, cm-I): 3169w, 3052w, 2920vw, 2854vw, 1595vw, 1512m, 
1481m, 1459w, 1435vs, 1389w, 1312m, 1262vw, 1222vw, 1183vw, 1160vw, 
1128vw, 1101vs, 1027w, 998w, 817w, 744s, 711m, 691vs, 510vs, 469m, 295m. FAB 
(m/z): 691 [M + Nat, 668 [M]+, 633 [M - cq+, 596 [M - 2Cq+. Found: C, 55.06; 
H, 3.56; N, 3.97 %. (C3IH2sN2P2CIzPd requires C, 55.75; H, 4.23; N, 4.19 %.) 
17 cis-[PtCIz{(ph2PNH)2C7lI(;}]: This metal complex was prepared in the same way as 
compound 14 with [PtCh(COD)] (100 mg, 267 JlIllol) and 4 (133 mg, 271 JlIllol) to 
give a yield of202 mg (100 %). Mp: 279 - 280°C. NMR (CDCh): 31p; 39.0, 
36.3 ppm eJ(pp) 13 Hz,.tJ(pPt) 3943 Hz]. IR (KBr disc, cm-I): 3448w, 3211 w, 
3051 vw, 2921vw, 2860vw, 1512w, l481vw, 1459w, 1436vs, 1377vw, 1314w, 
1129vw, 1101s, 1022vw, 998vw, 972vw, 891w, 815vw, 747m, 691vs, 583vw, 547w, 
532m, 512vs, 486w, 469w, 444w, 317w, 305w, 283w, 253m, 246vs. FAB (m/z): 779 
[M + Nat, 756 [M]+, 721 [M - cq+, 684/685 [M - 2Cq+. Found: C, 47.91; 
H, 3.65; N, 3.55 %. «C3IH2sN2P2ChPt)2'CH2CIz requires C, 47.35; H, 3.66; 
N, 3.51 %.) 
18 [(AuClh{(ph2PNH)2C7lI(;}]: This metal complex was prepared in the same way as 
compound 15 using [AuCl(THT)] (60 mg, 187 JlIllol) and 4 (47 mg, 96 JlIllol) to give a 
crude yield of66 mg (72 %). Mp: 146 - 149°C. NMR (CDCh): 31p; 60.9, 59.6 ppm. 
IH; 7.21 (m, aromatic H), 6.60 (aromatic, m), 6.44 (aromatic, d), 6.50 (aromatic, d), 
5.45 (H, s-br, NH), 5.33 (H, s-br, NH), 1.90 (3H, s, CH3). IR (KBr disc, cm-I): 
3357vw, 2950vw, 2863vw, 1509s, 1436s, 1376w, 1294w, 1261vw, 1211vw, 1160vw, 
11058, 1027vw, 998vw, 969vw, 917vw, 886vw, 808w, 746m, 691vs, 531m, 498m, 
419vw, 398w, 375vw, 352m, 334m, 326m, 303vs, 290s, 279vs, 254m, 247m, 227w. 
FAB (mlz): 977 [M + Nat, 919 [M- Cll+. Found: C, 38.54; H, 3.17; N, 2.60 %. 
(C3IH2SN2P2AuCh requires C, 38.97; H, 2.95; N, 2.93 %.) 
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Chapter 4: Synthesis and Co-ordination Chemistry of 
RC(E)NHPPh2 (E = 0 or S; R = H2N, Ph or Py) 
4.1 Introduction 
Monocha1cogenides of the type [Ph2PNHP(E)Ph2] (E = 0, S or Se)7-14 have recently 
been developed and shown to chelate to a range oflate transition metals through both 
phosphorus and chalcogen donor atoms (Chapter I). 
Schmutzler et al reported that the reaction of thiourea and chlorodiphenyl-
phosphine at -20°C did not give the expected N,N'-bis(diphenylphosphino)thiourea, 
Ph2PHNC(S)NHPPh2, but only gave Ph2P-P(S)Ph2.14S Later, Woollins et al published 
the same experiment done at room temperature and produced N,N' -bis( diphenyl-
phosphino)thiourea in up to 46 % yield.8s In knowing that this type of reaction works 
with thiourea and its derivatives, we were encouraged to try this reaction with other 
amines. We decided to reinvestigate the phosphination ofthiourea and compare their 
co-ordination potential with Ph2PNHP(E)Ph2 (E = 0, S or Se). 
4.2 Synthesis of RC(E)NHPPh2. E ( = 0 or S) 
Following the success with phosphorus-nitrogen bond formation in the 
synthesis of het er oat om ligands in the presence of 4-dimethylarninopyridine discussed 
in Chapter 3, we decided to attempt to phosphorylate other amine containing 
compounds. This reaction was attempted with biuret [H2NC(0)NHC(0)NH2], 
thiourea [H2NC(S)NH2]. acetylamide [CH3C(S)NH2]. urea [H2NC(0)NH2]' 
benzamide [PhC(0)NH2] and nicotinamide [(Cs~N)C(0)NH2]. 
The treatment of biuret with two equivalents of chlorodiphenylphosphine 
dropwise (in the presence of excess triethylamine and a catalytic amount of 
4-dimethylaminopyridine) at room temperature gave N,N' -bis( diphenylphosphino)-
biuret, {Ph2PNHC(0) hNH. The intermediate was subsequently treated with 
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elemental sulfur to give the desired product N,N' -bis( diphenylthioylphosphino )biuret, 
{Ph2P(S)NHC(O)hNH (Equation 4.1), but the yield was very low - typically 6 %. 
The 31p NMR spectra showed the peak at 22 ppm for {Ph2PNHC(O)hNH and 53 ppm 
for {Ph2P(S)NHC(O)hNH. The FAB mass spectrum revealed the correct mass/charge 
ratio for {Ph2P(S)NHC(O)hNH (558 [M + Nat and 536 [M + HT'). However, due to 
the low yield resulted from this reaction (6 %) nothing more was done. 
Treating thiourea very slowly with one equivalent of chlorodiphenylphosphine 
(in the presence of triethylamine and a catalytic amount of 4-dimethylaminopyridine) 
at room temperature gave N-diphenylphosphinothiourea, H2NC(S)NHPPh2 19 
(Equation 4.2). Upon addition of the chlorodiphenylphosphine, the thiourea 
suspension dissolved and simultaneously precipitated triethylammonium chloride. The 
reaction came to completion when all the reagent was added. The solution was filtered 
and removal of solvent gave a white powder. The product was extracted using 
dichloromethane to separate the insoluble thiourea, filtered and the filtrate reduced to 
dryness. The reaction always produces Ph2P-P(S)Ph2 and Ph2PNHC(S)NHPPh2 as 
by-products in small quantities. The former is removed by trituration with diethyl 
ether. Ph2PNHC(S)NHPPh2 is insoluble in methanol, and hence is separated with a 
cold methanol extraction. This step was repeated twice to give compound 19 
analytically pure with a typical yield of 30 - 40 %. Compound 19 is stable in the solid 
state or in solution almost indeflnitely. This reaction was repeated using thioacetarnide 
[CH3C(S)NH2] and gave a similar result, but isolating the product was difficult; it 
decomposed in solution over time to form Ph2P-P(S)Ph2. 
(4.2) 
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(4.3) 
The reaction with urea, analagous to thiourea (Equation 4.3), gave N-diphenyl-
phosphinourea, H2NC(O)NHPPh2, in quantitative yield according to 31p NMR. The 
compound was not isolated but was subsequently oxidised with elemental sulfur (see 
Chapter 5). However, the corresponding reaction with benzamide [PhCONH2] and 
nicotinamide [PyCONH2] required at least four hours heating at reflux to form 
PhC(O)NHPPh2 20 and PyC(O)NHPPh2 21 respectively. 31p NMR showed two thirds 
of the chlorodiphenylphosphine formed Ph2P-P(O)Ph2 as a by-product at 34 and 
-23 ppm [IJ(pp) 220 Hz]. The compounds were purified by recrystaIIisation from 
dichloromethane/diethyl ether to produce analytically pure colourless crystalline 
products in a typical yield of 30 %. Compounds 20 and 21 are stable in the solid state, 
but oxidise in solution when exposed to air (see Chapter 5). 
Infrared Spectroscopy 
The infrared spectrum ofH2NC(S)NHPPh2 is similar to that ofthiourea. It 
contains two very strong and broad peaks at 3262 and 3135 cm-I which are assigned 
as N-H stretching vibrations. The strong and broad nature of the v(NH) are 
characteristic of hydrogen bonding interactions. The band at about 1600 cm-I 
corresponds to the band ofthiourea of a similar frequency and is assigned to the NH2 
bending vibration. This peak is sharper than that in thiourea which further supports the 
loss of a terminal amino group. The peak at 1485 cm -I is assumed to relate to 
1473 cm-I in thiourea corresponding to the N-C-N stretching vibrations. The v(C=S) 
peak is assigned at 1063 cm-I which is similar to that in thiourea. The new peak at 
871 cm -I is assigned to the PN bond stretching vibration. 
PhC(O)NHPPh2 displays v(NH) as a sharp band at 3261 cm-I and v(C=O) as a 
sharp band at 1642 cm-I. However, PyC(O)NHPPh2 contains two peaks for one NH 
group; one very strong and broad band at 3264 cm-I and a medium band at 3364 cm-I. 
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The broad absorption may be the result of intermolecular hydrogen bonding as shown 
in Figure 4.1. The carbonyl region of compound 21 shows a very strong band at 
1639 cm-I and a very strong shoulder band at 1671 cm-I which support forms I, 11 and 
ID. Both compounds display the absence of the NH2 bending character at about 
1620 cm-I. Both compounds display a peak at about 1453 cm-I that are assigned as the 
C-N stretching vibration. The v(PN) band of these compounds come at around 
866 cm-I. 
R, ,PP~ 
c=o---· H-N 
I I 
N-H---·O=C 
/ "-
PPh R 2 
(I) (II) 
R 
" R C=O 
" I C=O --_. H-N 
I , 
H-N, PPh2 
PPh2 
(Ill) 
Fig. 4.1 Hydrogen bonding in RC(O)NHPPh2. 
Table 4. 1 Selected ill. data (cm-I) ofH2NC(S)NHPPh219, 
PhC(O)NHPPh2 20 and PyC(O)NHPPh2 21. 
v(NH) v(CO, S) v(CN) v(PN) 
19 3262vs, 3135vs 10635 1485vs 871m 
20 32625 1642vs 1453vs 866w 
21 3364m, 3264vs 1671vs, 1639vs 1452vs 8665 
All the phosphorus(lII) compounds have a single peak at around 26 ppm in their 31p 
NMR spectra. All compounds have the correct parent ions with the expected isotope 
distribution in their FAB mass spectra. Compounds 19, 20 and 21 display satisfactory 
elemental analyses (section 4.5). 
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4.3 Co-ordination Chemistry of H2NC(S)NHPPh2 
The reaction of one equivalent ofH2NC(S)NHPPh2 with one equivalent of 
[PtCI2(COD)] (COD = cycloocta-I,5-diene) in dichloromethane formed a white 
precipitate immediately. 31p NMR revealed two signals with platinum couplings 
(65.6 ppm [,J(pPt) 3377 Hz] and 70.8 ppm [IJ(pPt) 3040 Hz]) of which the peak at 
higher frequency was the major product (70 %). A second equivalent of ligand was 
added to the reaction mixture and gave only the signal at 8(P) = 70.8 ppm, however, no 
trace of the free ligand [8(P) = 26.6 ppm] was observed. Judging from these 
observations, it is probable that most of the metal complex has gone beyond the 
intermediate stage, [PtCI2{H2NC(S)NHPPh2}], on to the bis-chelate metal complex 
[Pt{H2NC(S)NHPPh2h]2+ 2CI- 22 (Equation 4.4). 
Compound 22 can exist in two possible isomers A or B (Scheme 4.1). Isomers 
A and B can be formed from three possible routes I, IT or III (Scheme 4.1): 
I. A ligand displaces the cycloocta-l,5-diene and formed a P,S-bond, followed 
by a second ligand to displace the chloride atoms to form the trans isomer A. 
IT. As in route I, the second ligand can displace the two chloride atoms, however 
it now forms the cis isomer B. 
Ill. Two ligands displace the cycloocta-l,5-diene and formed two P-bonds, 
followed by the free sulfur donors displacing the chloride atoms to form the 
cis isomer B. 
In 31p - eH} NMR, compound 22 displays a large platinum-phosphorus spin-spin 
coupling constant (8(P) = 70.8 ppm [IJ(pPt) 3040 Hz]). The platinum-phosphorus 
spin-spin coupling constant for a cis isomer of platinum(Il) phosphine complex is 
typically ca. 1.5 times that a trans isomer.1O,11.141Jelp_195Pt) trans isomers are 
typically around 2500 Hz and makes structure A highly improbable. During the course 
of the reaction, two peaks were observed in the 31p - eH} NMR spectrum (65.6 ppm 
[IJ(pPt) 3377 Hz] and the other at 70.8 ppm [IJ(pPt) 3040 Hz]). The peak at higher 
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field disappeared upon addition of a second equivalent of ligand which supports 
mechanism 11. Mechanism 11 is favoured over III because the close proximity of the 
sulfur donor group should close the ring before a second ligand attacks at the same 
metal centre shown in Scheme 4.1. Consequently, the phosphino group from a second 
ligand prefers to attack the chloride trans to the sulfur of [PtCh{H2NC(S)NHPPh2} 1 
that should have a better share of It-bond in the complex. Subsequently formation of a 
P-Pt bond trans to a phosphino group is less favoured because the trans P-Pt-P bonds 
are weaker than cis Cl-P-Pt bonds. 
A B 
Scheme 4.1 Reaction pathway forming compound 22. 
Spectroscopy 
Compound 22 displays a singlet in the 31p - {IH} NMR spectrum (o(P) = 
70.S ppm [IJ(PPt) 3040 Hz]) that is shifted to a higher frequency compared to 
26.9 ppm for the free ligand. The phosphorus(Ill) environment is modestly deshielded 
when compared with cis-[Pt{Ph2PNHP(Se)Ph2hf+ 2Cl- (o(P) = 63.S ppm [IJ(PPt) 
3270 Hz]) and the deprotonated cis-[Pt{Ph2PNH(S)Ph2hl2+ 2Cl- (o(P) = 59.S ppm 
eJ(PPt) 3240 Hz]). The large J(Pt-P) is characteristic of two phosphorus atoms lying 
in cis positions. 
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Infrared spectroscopy shows a general shift of vibration frequencies to higher 
wavenumbers compared to the free ligand. The two distinctive peaks of the N-H 
stretching vibrations in the free ligand have been reduced to a peak at 3008 cm-I with a 
shoulder band at 3075 cm-I which is strong and broad. The broadness of the bands are 
indicative of hydrogen bonding character. The vibration frequency at 1543 cm-I has 
shifted from 1485 cm-I in the free ligand and is assumed to associate with C-N single 
bond which comes around lOO cm-I lower than a C=N double bond. The band at 903 
cm-I is assigned for the P-N stretching vibration ofa single bond; this has shifted (ca. 
32 cm-I) to higher frequency compared to the free ligand. The v(CS) band at 
1084 cm-I is around the vibration frequency for C=S bond, but is higher (21 cm-I) than 
that in the free ligand. On complexation, the intensity of the C=S band usually 
decreases and this is observed here. The peak at 320 cm-I is assigned as v(Pt-S). 
The metal complex displayed loss of two HCI molecules in its FAB mass 
spectrum. Its elemental analysis data agree with the X-ray structure (see section 4.4) 
which contains one methanol molecule per two metal complex molecules. 
4.4 X-ray Molecular Structure Discussion 
Suitable crystals for X-ray studies were obtained by vapour diffusion of diethyl 
ether into a dichloromethane solution containing the metal complex. The crystals are 
colourless in appearance. The X-ray crystal structure of22 reveals two ligands are 
bonded to a platinum atom by the sulfur and phosphorus groups (Figure 4.2). The 
chelates formed two five-membered rings with platinum, in the unprotonated form. 
The five-membered chelate rings are built ofPt-S-C-N-P atoms with the chelate 
ligands arranged in the cis conformation. The complex has a non-crystallographic C 2 
symmetry about the platinum atom. The PtS2P2 part of the molecule adopts an 
imperfect square planar configuration that is dominated by the close proximity of the 
phenyl groups attached to the phosphorus atoms; the P-Pt-P angle is obtuse by 10.8°. 
The S-Pt-S is acute by 4 ° this may be caused by the strain on the entire structure 
imposed by the steric hindrance between the phenyl groups. 
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Fig. 4. 2 Molecular structure of [Pt{H2NC(S)NHPPh2h]2+ 2CI- 22 . 
When looking at the square planar section, the PtS2P2 plane lies with a slight mean 
deviation [0.002 A] and a maximum deviation of 0.002 A for S(l). Associated with the 
distorted square planar planes are the significant contraction of the trans P-Pt-S bond 
angles [172.17 and 173.08°]. The amino groups lie in the same plane as the square 
planar plane but at a slight deviation [Pt-P(l)-S(1)-C(I)-N(2)-N(1) mean deviation = 
0.02 and maximum deviation for Pt = 0.034 A; Pt-S(2l)-P(2l)-C(21)-N(22)-N(21) 
mean deviation = 0.08 and maximum deviation for P(21) = 0.14 A]. The chloride ions 
are held in place by hydrogen bonding from the hydrogen atoms of the ring nitrogen 
and tenninal amino group. 
Table 4. 2 Selected bond lengths (A) and angles C) for cis-
[Pt{Ph2PNHC(S)NH2h]2+ 2Cl-·0.5(CH30H) 22. 
Pt-P(l) 2.224(3) Pt-P(21) 2.225(3) 
Pt-S(l) 2.293(3) Pt-S(21) 2.318(3) 
S(I)-C(I) 1.672(1) S(21)-C(21) 1.70(2) 
C(1)-N(2) 1.38(2) C(21)-N(22) 1.36(2) 
N(2)-P(1) 1.676(1) N(22)-P(21) 1.687(1) 
C(l)-N(I) 1.31(2) C(21)-N(21) 1.28(2) 
Cl(I)"'H(21A) 2.23 Cl(2)'" H(lA) 2.23 
Cl(l)"'H(22A) 2.14 Cl(2)'" H(2A) 2.22 
Cl(l)"'H(lB) 2.096 Cl(2)"'H(2lB) 2.17 
P(l)-Pt-P(21) 100.79(1) P(I)-Pt-S(l) 87.04(1) 
P(21)-Pt-S(21) 86.12(1) S(I)-Pt-S(21) 86.04(1) 
P(2l)-Pt -S(l) 172.17(1) P(I)-Pt-S(21) 173.08(1) 
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The Pt-P bond lengths are modestly short in comparison with eis-
[Pt{Ph2P(Se)NPPh2hl [2.287(2) Al and significantly shorter than trans-
[Pt{Ph2P(Se)NHPPh2hl2+ 2Cl- [2.300(3) Al.14 One Pt-S bond length is slightly 
longer than the other (ca. 0.025 A) but are shorter than those in 
[Pt(Pr2P(S)NP(S),Pr2hl [2.338(3) and 2.334(2) Al. The P-N bond lengths are similar 
to those in trans-[Pt{Ph2P(Se )NHPPh2hl2+ 2Cl - [1.684(1) A 1 and eis-
[Pt{Ph2P(O)NHPPh2hl2+ 2[BF4r [1.700(1) Al. \0 The C-N bond lengths in the chelate 
rings are surprisingly longer [ca. 0.07 and 0.08 Al than the terminal C-NH2 bond 
lengths, and significantly longer than that in [Ni{CH3NC(S)NP(S)Ph2hl 
[1.294(1) A].87 The shortness of the terminal C-NH2 bonds is similar to that in the 
chelate ring in the above nickel compound which strongly suggest a contribution of 1t 
character (Figure 4.3). The N-CH3 bond length [1.486(12) Al is good reference for a 
single bond of this nature which is significantly longer than that above. 
Fig. 4.3 1t contribution to C-NH2 bond 
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4.5 Experimental 
19 H2NC(S)NHPPh2: To H2NC(S)NH2 (12.7 g, 167 mmol), suspended in THF 
(350 ml), was added Et3N (15.5 ml, 111 mmol) and DMAP (lOO mg, 10 mmol). A 
THF (ISO ml) solution ofPh2PCI (20 ml, I1I mmol) was added dropwise and formed 
[Et3NH]CI immediately, as white precipitate. Stirring was continued for 3 h. The 
solution was then filtered and the residue washed with THF (2 x 30 ml). The filtrate 
was evaporated to dryness, and the product was extracted with CH2Ch (200 ml) to 
separate any unreated thiourea, which is insoluble. The extraction was filtered, and 
then the filtrate reduced to dryness. It was then triturated with Et20 (ISO ml) to give a 
white powder in a crude yield of 18.2 g. The product was extracted with cold methanol 
to give a yield of compound 19 in 9 g (31 %). Mp: 120 - 125 QC. NMR (THF/C6D6): 
31p; 26.6 ppm. IR (KBr disc, cm-I): 3262vs, 3135vs, 2996m, 2686w, 2150m, 1610vs, 
1485vs, 1430s, 1397s, 1299m, 1270m, 1I51s, 1I24m, 1087s, 1063s, 1027m, 1005w, 
871m, 801w, 746vs, 693vs, 604w, 554m, 519m, 476m, 447w, 386vw, 301vw.FAB 
(m/z): 261 [M + H]+ and 260 [Mr. Found: C, 59.62; H, 5.37; N, 10.37 %. 
(C13H13N2PS requires C, 59.99; H, 5.03; N, 10.76 %.) 
20 PhC(O)NHPPh2: To a solution ofPhC(O)NH2 (3.2 g, 7.7 mmol) in THF (150 ml) 
was added Et3N (3.9 ml, 30 mmol), DMAP (200 mg, 20 mmol) and Ph2PCI (5 ml, 
27.9 mmol). The mixture was heated at refux for 4 h, and then filtered. The filtrate 
was reduced to dryness to a white powder, and then triturated with Et20 (150 ml) for 
2 days. The product was recrystallised from CH2ChlEt20 to give a yield of2.3 g 
(29 %). Mp: 173 - 176 QC. NMR (THF/C~6): 31p; 25 ppm. IR (KBr disc, cm-I): 
3262m, 3058w, 3047w, 1642vs, 1598w, 1579m, 1499m, 1482w, 1453vs, 1431vs, 
1265s, 1I84w, 1118w, 1099m, 1071w, 1027w, 975w, 930w, 866m, 808m, 790s, 746s, 
737s, 691vs, 511s, 449m, 301w. FAB (m/z): 306 [M + H]+. Found: C, 74.38; H, 4.91; 
N, 4.35 %. (CI9HI~OP requires C, 74.75; H, 5.28; N, 4.59 %.) 
21 PyC(O)NHPPh2: To a solution of PyC(O)NH2 (3.4 g, 27.8 mmol) in THF (150 ml) 
was added Et3N (3.9 ml, 30 mmol), DMAP (200 mg, 20 mmol) and Ph2PCI (5 ml, 
27.9 mmol). The mixture was heated at reflux overnight. The solution was filtered and 
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the filtrate reduced to dryness to give a white powder. The product was recrystallised 
from CH2ChlEt20 to give a yield of2.7 g (32 %) Mp: 148 - 152°C. 
NMR (THF/C!P6): 31p; 26 ppm. IR (KBr disc, cm-I): 3364m, 3264vs, 3067m, 3050m, 
3003w, 1698m, 1639vs, 1588vs, 15738, 1480s, 1452vs, 1406vs, 12nvs, 12001w, 
1140m, 1116m, 1093m, 1023s, 866s, 801s, 746vs, 697vs, 619m, 509s, 470w, 443m, 
411 w, 365w, 297w. FAB (mlz): 306 [Mt. Found: C, 70.82; H, 4.85; N, 8.89 %. 
(CIsHISN20P requires C, 70.58; H, 4.78; N, 9.21 %.) 
22 [Pt{H2NC(S)NHPPh2ht 2CI-: To a partially dissolved solution of 
H2NC(S)NHPPh2 (92 mg, 353 Ilmol) in CH2Ch (15 ml) was added [PtCh(COD)] 
(60 mg, 160 Ilmol), and a white precipitate formed immediately. Stirring continued for 
3 h and then filtered the solid. The residue was air-dried and a yield of 113 mg (90 %) 
was obtained. Mp: >330 °C. NMR (CH30HlC!P6 insert): 31p; 70.8 ppm [IJ(pPt) 
3040 Hz]. IR(KBr disc, cm-I): 3453w, 3075m-sh, 3008m, 2718vw, 1630s, 1543vs, 
1436s, 1400m, 1312m, 1106vs, 1084m, 1017w, 998w, 903m, 745s, nOm, 709s, 689s, 
567s, 494vs, 475m, 432w, 320w. FAB (mlz): 714 [M - 2HCIl+. Found: C, 39.66; 
H, 3.71; N, 6.50 %. (C26.sH2SN4P200.SS2PtCh requires C, 39.66; H, 3.52; N, 6.98 %.) 
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Chapter 5: Synthesis of RC(E)NHP(E')Ph2 (R = H2N, Ph or Py; 
E = 0 or S; E' = 0, S or Se) and their Co-ordination Chemistry 
5.1 Introduction 
The chemistry of phosphine derivatives of urea and thiourea ftrst appeared during the 
1960s. Three methods of preparing such derivatives are shown below (equation 5.1 
and 5.2).60-67 
-R'C(E)CI (E = 0 or 8) 
H 
R'-C-N-PPh +4-
11 11 2 
R'C(E)NHNa + 
0(8) 8 
H 
Ph P-N-C-N~ 
211 11 
8 8 
(5.1) 
(5.2) 
The Iigands are prepared by clipping two parts together under mild conditions. In the 
case in Equation 5.2 where R = H, then the reagent is ammonia gas. Here, we report 
another method, involving direct oxidation of the phosphinourea and 
phosphinothiourea derivatives described in Chapter 4. 
5.2 ligand Synthesis 
Synthesis of [RC(E)NHP(O)Ph21 (E = 0 or S) 
The ligands were synthesised by direct oxidation of the phosphinoureas or 
phosphinothioureas with the appropriate oxidising reagents generalised in Equation 
5.3. PhC(0)NHPPh2 oxidises readily with oxygen by dissolving it in tetrahydrofuran 
and stirring overnight exposed to air. [PhC(0)NHP(0)Ph2] 23 was then recrystallised 
from CH2ChlEt20 and 99 % of colourless crystalline product collected. However, 
H2NC(S)NHPPh2 is more stable and it requires a stronger reagent. When treated with 
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aqueous hydrogen peroxide (30 %) most of the C=S is converted to C=O in the course 
of the reaction, as well as the oxidation ofP(Ill) to p=o. The by-product, 
H2NC(0)NHP(0)Ph2, was identified by 31p NMR, infrared and mass spectroscopy. 
Synthesis of [RC(0,S)NHP(S)Ph2] (R = H2N, C6H5 and C5H4N) 
Oxidation of the phosphinourea/thiourea derivatives by elemental sulfur is 
readily achieved in tetrahyclrofuran at room temperature. H2NC(0,S)NHPPh2 react 
with S8 to form [H2NC(S)NHP(S)Ph2J 24 and [H2NC(0)NHP(S)Ph2] 25 respectively. 
Treatment ofRC(0)NHPPh2 (R = C6Hs and Cs~N) with S8 gave 
[PhC(0)NHP(S)Ph2] 26 and [PyC(0)NHP(S)Ph2] 27 respectively (Equation 5.3) 
R H 
"C ....... N--PPh 
11 2 + E 
O(S) 
R H 
THF ""'C--N-PPh 
--..... 11 11 2 
O(S) E 
E =0, S or Se (5.3) 
Synthesis of [H2NC(S)NHP(Se)Ph21 
[H2NC(S)NHP(Se)Ph2] 28 was prepared by allowing H2NC(S)NHPPh2 to react with 
grey selenium in tetrahydrofuran with warming for one hour. The solution was then 
filtered and its solvent removed to give a white powder. After trituration with diethyl 
ether the product was obtained in 67 % yield. 
All the compounds are air stable colourless solids except 28 which turns red 
when exposed to air over a week; it can be stored under nitrogen almost indefmitely. 
The reactions monitored using 31p NMR showed the shifts ofP(Ill) to P(V) shown in 
Table 5.1. All the P=O, S and Se derivatives display singlets in their phosphorus NMR 
spectra. 
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Table 5.1 3Ip_{IH}NMR. [ppm] in compounds 23 - 33. 
23 [PhC(0)NHP(0)Ph2J 24ppm 29 K[PhC(0)NP(0)Ph2] 17ppm 
24 [H2NC(S)NHP(S)Ph2] 52ppm 30 K[H2NC(S)NP(S)Ph2] 37ppm 
25 [H2NC(0)NHP(S)Ph2] 53ppm 
26 [PhC(0)NHP(S)Ph2] 56ppm 31 K[PhC(0)NP(S)Ph2] 44ppm 
27 [PyC(0)NHP(S)Ph2] 56ppm 32 K[PyC(0)NP(S)Ph2] 41 ppm 
28 [H2NC(S)NHP(Se)Ph2] 45ppm 33 K[H2NC(S)NP(Se)Ph2] 29ppm 
[I J(pSe) 783] eJ(pSe) 53] 
Infrared Spectroscopy 
These structures can exist in three tautomeric forms (A - C, Figure 5.1). The 
infrared spectra suggest form (B) is predominant in the solid state. The spectra of the 
compounds show peaks at around 3200 cm-I region indicating v(NH) character. The 
vibrations at around 1665 cm-I and 1100 cm-I are indicative ofv(C=O) and v(C=S) 
double bonds. The bands at around 1470 cm-I are characteristic ofv(C-N) single 
bond [lower than -1650 cm-I for v(C=N)]. All these compounds also have bands 
around 850 cm-I representing single bond character ofv(pN) compared to the double 
bond vibration at higher frequency around 1300 cm-I. Vibrations at around 630 cm-I 
and 1180 cm-I for v(p=S) and v(P=O) support structure (B) in solid state. 
R N 
'C-:::::::- 'PPh 
I 11 2 
OH(SH) E 
H 
R N 
'c"""'" "PPh 
11 11 2 
O(S) E 
R N::::.-.. 
..... C.......... '-':: PPh 
11 I 2 
O(S) EH 
(A) (B) (C) 
Fig.5.1 Tautomeric forms ofRC(0,S)NHP(E)Ph2 (E = 0, S or Se). 
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5.3 Ligand Deprotonation 
Compounds 23, 24, 26 - 28 were easily deprotonated upon treatment with 
KO'Bu in THF at room temperature to give K[PhC(O)NP(O)Ph2] 29, 
K[H2NC(S)NP(S)Ph2] 30, K[PhC(O)NP(S)Ph2] 31, K[PyC(O)NP(S)Ph2] 32 and 
K[H2NC(S)NP(Se)Ph2] 33 (Equation 5.4). The solutions were filtered through celite 
and the solvent removed to give the products analytically pure. All the compounds are 
colourless in appearance. 
THF 
R = H2N, CeHs or CSH4N 
E = 0, S orSe (5.4) 
It can be seen by 31p NMR that the displacement of an amino proton by an 
electropositive element (potassium) in general shields the nucleus under scrutiny and it 
is observed at lower frequency (listed in Table 5.2). They all display correct mass 
numbers and isotope distribution when analysed by FAB mass spectroscopy. The 
v(C=O) character when deprotonated has changed significantly by shifting around 
130 cm- I to lower frequency. The v(C=S) cannot be easily identified. All the 
phosphorus-chalcogen bond length have increased and moved to lower frequencies. 
Concurrently the bond order of the P-N bond has increased and it is observed at 
higher frequency. 
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Table 5.2 Selected infrared vibrational data (cm-I) in compounds 23 - 33. 
v(NH) v(CO, S) v(CN) v(pN) v(pO, S, Se) 
23 [PhC(O)NHP(O)Ph21 3107m-sh, 3066s 1669vs 1456vs 838s,807w 1199vs 
24 [H2NCCS)NHP(S)Ph21 3381 w, 3294s, 3074s 1054s 1484vs 835s, 810s 642s, 632s . 
25 [H2NCCO)NHP(S)Ph21 3492m, 3333m, 3l87m 1704vs, 1682vs, 1650vs 1477vs 912m,872w 636m 
26 [PhC(O)NHP(S)Ph21 3159m,3070m 1651vs 1454vs 880w, 832m 636vs 
27 [PyC(O)NHP(S)Ph21 3368vw, 3182s 1656vs 1482m 842m, 815m 639vs 
28 [H2NC(S)NHP(Se)Ph21 3364w, 3284m, 3072m 1052m 1482vs 832s,807s 555vs 
29 K[PhC(O)NP(O)Ph21 1523vs 1591s 896s, 842s 1141s 
30 K[H2NCCS)NP(S)Ph21 3364m, 3280m, 3164w 856vw, 836vw 624m,607s 
31 K[PhC(O)NP(S)Ph21 1519vs 1588m 895w, 838s 627s, 612s 
32 K[PyC(O)NP(S)Ph21 3322vw, 3237vw 1526vs 1590vs 906s, 830vs 626vs, 613vs 
33 K[H2NC(S)NP(Se)Ph21 3353m, 3162m 885w, 851w 544vs 
5.4 Molecular Structure Discussion 
[PhC(O)NHP(S)Ph21 25 
Crystals of compound 25 suitable for X-ray analysis were obtained by vapour 
diffusion of diethyl ether into a dichloromethane solution of the compound. The 
molecular structure shows the compound is in the keto form with the proton bonded to 
the nitrogen and not to the terminal donor atoms (Figure 5.2). This heteroatom system 
has the donor atoms in the syn orientation, whilst other similar compounds, 
[PhC(S)NHP(O)(dPr)2] and [PhHNC(S)NHP(O)(NHipr){N(C2~Cl)2}], have them 
in the anti orientation. The geometry of this compound can be compared with 
[ipr2P(S)NHP(S)ipr2] which also exists in a syn conformation.37 
Fig. 5.2 Molecular structure of [PhC(O)NHP(S)Ph2] 25. 
116 
The nitrogen atom lies in a near perfect trigonal geometry [120(1) 0 for P-N-C], this 
is not observed for the related Ph2P(S)NHC(O)NHP(S)Ph2 molecule which is 
profoundly affected by inter- and intra-molecular hydrogen bonds. The phosphorus-
sulfur bond length [1.941 (6) A] comes at the longer end of a P=S double bond for this 
system [with the shortest at 1.895(2) A and the longest at 1.942(1) A (see Table 1.1)]. 
The carbon-oxygen bond lengths is typical for a c=o double bond. The nitrogen-
carbon bond length comes in the range for this system. The phosphorus-nitrogen bond 
length, however, is the longest seen in these compounds [1.720(1) A]. The oxygen-
sulfur distance is observed at 3.4 A. The molecules crystallised with inter-molecular 
hydrogen bond interactions with an adjacent oxygen atom (Figures 5.3 and 5.4). 
Table 5.3 Selected bond lengths (A) and angles (") in 
[PhC(O)NHP(S)Ph2] 25. 
SI-PI 1.941(6) PI-NI 1.720(1) 
Ni-Cl 1.360(2) Ol-CI 1.220(2) 
NI-HI 0.950 HI'''02 1.900 
SI-PI-NI 115.1(4) PI-Ni-Cl 120(1) 
Ni-CI-Ol 120(2) PI-NI-HI 119.8 
Cl-NI-HI 119.8 NI-Hl"'Q2 172.5 
Ph2 h Ph2 P=S P P=S 
I \ / 
H-N C=O ---- H-N 
\ / ' C=O ---- H-N C=O / \ / 
Ph p=s Ph Ph2 
Fig. 5.3 Hydrogen bonding of [PhC(O)NHP(S)Ph2] 25. 
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+a 
Fig. 5.4 Crystal structure of [PhC(O)NHP(S)Ph2] 25. 
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K[PhC(O)NP(S)Ph21 30 
Crystals of compound 30 suitable for X-ray analysis were obtained by vapour 
diffusion of diethyl ether into a methanol solution containing the ligand salt. The 
molecular structure (Figure 5.5) shows the ligand is co-ordinated to potassium via 
oxygen and sulfur donor atoms in a six-membered chelate ring arrangement [K-S = 
3.244(2) and K-O = 2.667(3) A respectively]. Surprisingly, the conformation of the 
O-C-N-P-S chain is not changed significantly upon co-ordination - it adopts a syn-
trans conformation through the C-N-P plane (see Figure 5.2). The molecule has no 
crystaIIographic centre of symmetry within the chelate ring. 
0(1) 
Fig. 5.5 Molecular structure ofK[PhC(O)NP(S)Ph2] 30. 
The chelate ring is highly distorted with the phosphorus atom 0.09 A above the 
O-K-S-P plane, and the nitrogen atom 0.03 A below the P-N-C-O plane. Along the 
P-N-C-O plane can be located one phosphorus phenyl group and the carbonyl phenyl 
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group while the other phosphorus phenyl group is lying perpendicular to it. The six-
mem bered ring can be seen as a true heterocycle containing six different atoms from 
Groups 1, 14, 15, and 16 of the periodic table. There are few previous crystallographic 
determinations to make comparisons. The most appropriate is K[(SPh2P)2N].17 
Deprotonation of the nitrogen atom resulted in a small contraction of the 
C-N-P bond angle and enlargement ofO-C-N and N-P-S (see Table 5.3) [120(1), 
120(2) and 115.1(4) ° respectively for PhC(O)NHP(S)Ph2]. The changes in angles are 
reflected in their bond lengths with C-N and N-P shortened and the O-C and P-S 
lengths increased. The changes in bond lengths are associated with an increase in 
electronic delocalisation between the OCNPS atoms. Comparison with infrared 
spectroscopy supports this conclusion. Similar changes were reported for the crystal 
structure of K[(SPh2P)2N]. 17 The oxygen-sulfur distance has increased [3.63 A] 
compared to that in the free ligand [3.40 A]. 
Table 5.4 Selected bond lengths (A) and angles (0) in K[PhC(O)NP(S)Ph2] 
30. 
K(I)-O(1) 2.667(3) K(I)-S(I) 3.244(2) 
O(I)-C(13) 1.243(5) C(13)-N(l) 1.333(6) 
N(I)-P(I) 1.617(4) P(I)-S(I) 1.951(2) 
O(I)-K(I)-S(I) 75.12(8) K(l)-O(l)-C(13) 128.7(3) 
O(I)-C(13)-N(I) 125.7(4) C(13)-N(l)-P(I) 119.5(3) 
N(1 )-P(1 )-S(1) 118.2(2) P(l)-S(I)-K(I) 97.09(6) 
The crystal structure reveals dimerisation in an anti arrangement with cross 
co-ordination from oxygen and sulfur donor atoms (Figure 5.6). The potassium atoms 
appear to exist in a pentacoordinated structure with co-ordination from three oxygen 
atoms, one sulfur atom, and also a potassium-potassium interaction at opposite corners 
of the central K202 plane. 
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Fig.5.6 Molecular structure ofK[PhC(O)NP(S)Ph2h'2CH30H 30. 
-IV 
-
Table 5.5 Selected bond lengths (A) and angles (0) in 
K[PhC(0)NP(S)Ph2h'2CH30H 30. 
K(I)-K(IA) 4.130(2) K(l)-S(2A) 3.286(2) 
K(2)-S(I) 3.286(2) K(I)-O(IA) 2.689(3) 
K(IA)-O(l) 2.689(3) K(I)-0(20) 2.734(4) 
K(I)-C(2A) 3.470(6) K(I)-C(3A) 3.477(6) 
O(I)-K(I)-K(IA) 39.73(7) 0(1 A)-K(l)-K(I A) 39.36(7) 
O(I)-K(1)-O(IA) 79.09(10) K(l)-O(I)-K(IA) 100.91(10) 
O(lA)-K(I)-S(2A) 169.17(9) 0(1)-K(I)-0(20) 159.60(14) 
O(IA)-K(I)-S(1) 112.68(8) 0(20)-K(l )-S( I) 85.30(11) 
O(I)-K(I)-S(IA) . 102.15(8) S(1)-K(I)-S(2A) 77.86(4) 
0(20)-K(I)-S(2A) 78.78(9) 0(1)-K(I)-C(3A) 116.97(12) 
0(1)-K(I)-C(2A) 110.87(11) O(IA)-K(1 )-C(3A) 90.61(12) 
O(IA)-K(1 )-C(2A) 67.91(11) 0(20)-K(l )-C(3A) 83.34(14) 
0(20)-K(1)-C(2A) 88.58(13) S(2)-K(I)-C(3A) 79.20(10) 
S(2)-K(I)-C(2A) 101.90(10) S(I)-K(I)-C(3A) 155.98(10) 
S(I)-K(I)-C(2A) 173.80(9) K(I)-S(I)-K(2) 102.14(4) 
0(IA)-K(I)-0(20) 103.89(11) K(IA)-O(l)-C(13) 128.8(3) 
P( 1 )-S( 1)-K(2) 111.49(6) K( I )-0(20)-C(20) 126.8(5) 
The oxygen donor from methanol co-ordinates to the potassium atom from the 
opposite side of the oxygen in the chelate ring. The central K202 plane is arranged 
perpendicular to the chelate ring, but is parallel to one protruding phenyl group of each 
phosphorus atom. Careful analysis of each potassium atom reveals distant interaction 
to one of the C-C bonds within the phenyl groups parallel to it (Figure 5.7). The 
K"'C-C distance compares well with a similar K"'aryl [3.36 Al interaction reported 
for K[(SPh2PhNJ and is close to formally bonded K-C linkages [3.0 - 3.2 Al.!7 These 
observations strongly support K" 'aryl interaction. 
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S(1) 
0(1) 
~"""'~o C(2A) 
~...""",,,,-, C(3A) 
Fig.5.7 The co-ordination geometry ofK[PhC(O)NP(S)Ph2] 30 around a potassium 
atom with K .. ·aryl interaction. 
A sulfur atom from another heterocycle located below the potassium atom [K(I)] 
shown in Figure 5.8 completes the octahedral geometry around the potassium 
[K(IA)"'S(2) 3.286(2) A]. This secondary interaction is slightly longer than that of 
the primary interaction which is 3.244(2) A for this compound. The bond angles listed 
in Table 5.5 revealed the potassium atoms are located at the centre of a highly 
distorted octahedral geometry with all angles above or below 90 or 180°. 
0(1A) 
S(1) 
0(20) 
0(1) 
S(2A) 
Fig.5.8 Octahedral geometry around a potassium atom ofK[PhC(O)NP(S)Ph2] 30. 
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5.5 Co-ordination Chemistry 
Ojima et af'2,63 proposed that some diphenylphosphinothioylthioureato metal(II) 
complexes have a chelate strncture consisting of five different atoms - C, N, P, 2S, 
and M(II). One of those complexes, where M = Ni, was later confirmed by Iwamoto et 
a187 with a molecular structure from X-ray crystallography studies. There has been 
little work done in this area. Here we describe the chelate potential of the ligands 
described above with two of the metal complexes having every atom unique in their 
chelate rings. 
Zinc complex 
The zinc complex was prepared by the addition of ZnCh to a tetrahydrofuran solution 
of K[H2NC(S)NP(S)Ph2l which gave a cloudy solution immediately (Equation 5.4). 
The solution was stirred overnight, and then filtered through celite. The filtrate was 
evaporated to dryness and the white product [Zn {H2NC(S)NP(S)Ph2hl 34 collected in 
75 % yield. 
ZnCI2 + 2K[H2NC(S)NP(S)Ph21 - [Zn{H2NC(S)NP(S)Phz}21 + 2KCI (5.4) 
The F AB mass spectrum of the compound displays the expected isotope distribution 
for 34, but at two mass/charge numbers higher. Elemental analysis are satisfactory. 
Infrared spectroscopy revealed an OH stretching (3465cm-l ) probably due to H20. The 
v(NH) bands in its infrared spectrum are assigned at 3306 and 3160 cm-I. The v(PS) is 
assigned 65 cm-I lower than its uncoordinated form, while the v(PN) vibrates around 
38 cm-I higher. 
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Palladium complexes 
Two moles of the ligand salt K[PhC(O)NP(S)Ph2] 31 was reacted with 
[PdCh(COD)] in dichloromethane which gave an orange solution immediately 
(Equation 5.5). The solution was then filtered through celite and its solvent removed to 
give an orange powder. The product [Pd{PhC(O)NP(S)Ph2b] 35 was triturated with 
petroleum ether and a yield of 57 % was collected. [Pd{PyC(O)NP(S)Ph2b] 36 was 
prepared in the same way with K[PyC(O)NP(S)Ph2] 32 and [PdCh(COD)] (Equation 
5.5) which was isolated as red powder (93 %). The compounds 35 and 36 show the 
correct parent ion mass numbers [779 and 780 mlz] and isotope distributions in their 
FAB mass spectra. They have satisfactory elemental analysis. The 31p - eH} NMR 
. spectra obtained displayed a singlet for both compounds at Il = 30 ppm for 35 and 
31 ppm for 36. The infrared spectra obtained for these two compounds show similar 
features where the vibrational patterns are simplified compared to the ligand salts and 
free ligands. The P=S vibrational frequencies have shifted around 50 cm-I lower 
compared to the free ligands. In compound 35 the v(CO) band is reduced significantly 
by 166 cm-I which is in the range ofa C-O single bond. The v(CO) band for 36 
appears to be a lot more complicated and are assigned at 1609,1585,1551 and 1508 
cm-I. The v(PN) band in the palladium complexes have shifted [926 and 804 for 35; 
920 and 818 cm -I for 36] to a higher frequency indicating an increase in the P-N bond 
order. The ligands seem to have co-ordinated to a palladium atom through their PS and 
CO donor groups to form metal complexes as six-membered chelate compounds 
(Figure 5.9). There are two possible isomers, cis or trans, that these compounds can 
form. 
[PdCliCOD)l + 2K[RC(O)NP(S)Ph21 -- [Pd{RC(O)NP(S)Ph2hl + 2KCI 
(5.5) 
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P-S S-P 
,,/,r--- "'" ./' ---~," 
N,' Pd '> N 
",----,/ ,,----"/ C-O O-C 
Fig. 5.9 cis and trans palladium six-membered chelate compounds. 
Platinum complexes 
One mole of[H2NC(S)NHP(S)Ph2J 24 was reacted with one mole of [PtCh(COD)J in 
dichloromethane expecting to form a six-membered chelate complex 
PtCh{H2NC(S)NHP(S)Ph2}. However, two singlets with uncharacteristic 2J platinum 
satellites were observed in the 31p NMR spectrum (Fig. 5.1 0). Mass spectrometry 
revealed two ligands have co-ordinated to the metal centre. The two NMR signals are 
probably indications of two isomers cis/trans-[Pt{H2NC(S)NHP(S)Ph2hf+ 2CI- 37 
that have formed as shown in Equation 5.6. The reaction was repeated with the ligand 
in its deprotonated form, K[H2NC(S)NP(S)Ph2J 30, in dichloromethane and only one 
signal with 2 J platinum coupling was observed in the 31p NMR spectrum. The bright 
yellow solution was filtered through celite and the filtrate concentrated which was then 
kept in a refrigerator overnight. A yellow crystalline product [Pt{H2NC(S)NP(S)Ph2hJ 
38 was collected (Equation. 5.7). 
[PtCI2(COD)] + 2H2NC(S)NHP(S)Ph2 - [Pt{H2NC(S)NHP(S)Ph2h]2+ 2CI-
(5.6) 
[PtCI2(COD)] + 2K[H2NC(S)NP(S)Ph2] - [Pt{H2NC(S)NP(S)PhJ2] + 2KCI 
(5.7) 
When attempted to react [H2NC(S)NHP(Se)Ph2J 28 with [PtCh(COD)J, red selenium 
deposited out of solution. The reaction was monitored by 31p NMR which revealed a 
signal at 70 ppm with platinum-satellites. Along with the width Of31p_195Pt coupling 
constant and infrared spectroscopy, the product formed is identified as 
[Pt{H2NC(S)NHPPh2hJ 2+ 2CI- 22. 
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Compound 37 displays two singlets in the 31p - {IH} NMR spectnun [0 = 29.2 
and 29.5 ppm]; the small platinum satellites are not what is expected for 2 J spin 
coupling (Figure 5.10). Compound 38 displays a singlet [0 = 33 ppm] with 
characteristic 2 J platinum coupling e J(PPt) = 114 Hz]. Compound 37 displayed the 
loss of two HCI molecules to give the correct mass values with the appropriate isotope 
distributions for [Pt{H2NC(S)NP(S)Ph2h] obtained from FAB mass spectroscopy. 
Compound 38 gave the expected mass values (778 [M + H]+ and 777 [M]l and 
isotope distribution for two deprotonated ligands co-ordinated to platinum atom. 
Confirmation of the complexes were supported by suitable elemental analysis data. 
The infrared spectnun of compound 37 shows a close similarity to 
[Pt{H2NC(S)NHPPh2h] 2+ 2CI- 22 with additional peaks at 598 and 576 cm-I 
characteristic of a phosphorus-sulfur vibration. The v(CS) signal comes around 
132 cm-I lower than for a v(C=S) band. Two broad bands ofv(pN) are assigned at 922 
and 883 cm-I. Close inspection of the peak due to NH2 rocking modes can be clearly 
seen two peaks overlapping resulting in a very broad band. The broadness of the band 
at 1500 cm-I is even more obvious for NH2 rocking modes. Along with the 
observations found in 31p NMR, infrared spectroscopy suggests the possibility of two 
structures i.e. cis and trans. Compounds 38 displays an infrared spectnun matching the 
pattern of the complex containing zinc (34) and similarities with that in compound 37 
was also noticed. Its v(PS) signal is seen at 577 cm-I. The v(PN) band is higher by 10 
cm-I as a broad band at 883 cm-I. These observations suggest that the molecular 
structures of the zinc 34 and platinum 38 complexes are related. According to the 
vibrational pattern in the infrared spectrum of the platinum complex salt 37, it should 
exist in a structural form similar to that of compound 22 and [Pt{H2NC(S)NP(S)Ph2h] 
38. 
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Fig.S.10 31p NMR [161.97 MHz] of 
[Pt{H2NC(S)NP(S)Ph2} {H2NC(S)NHP(S)Ph2} t Cl- 37. 
5.S Molecular Structure Discussion 
ppm 
Crystals suitable for X-ray analysis were obtained from vapour diffusion of diethyl 
ether into a dichloromethane solution of compound 37. The metal complex crystallises 
as yellow cubes. The molecular structure of37 (Figure 5.11) shows two chelates are 
bound to a platinum atom by four sulfur donor atoms forming two six-membered rings 
in the trans configuration. Interestingly only one ligand has its amino hydrogen in the 
chelate ring deprotonated which is supported by the close proximity of one chloride 
counter ion and the respective difference in bond lengths. This in part explains the two 
signals in the 31p NMR spectrum (Figure 5.10), but the answer to the unusual platinum 
couplings could not be found here. The metal atom exists in an imperfect square planar 
configuration at the centre of the structure. The tetracoordinated phosphorus atoms are 
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slightly distorted with one located above and the other below the central square plane. 
Both chelate rings exist in a pseudo boat configuration - there are significant 
differences between the two rings probably as a result of one chelate ring being 
deprotonated. The existence of the ligand 24 in its protonated (here on we will call it 
chelate A) and deprotonated forms (here on we will call it chelate B) within one 
compound allows us to compare directly the bond lengths, bond angles and the nature 
of co-ordination. 
In chelate A, the two Pt-S bond lengths are 2.312(9) and 2.33(1) A with no 
significant differences between the sulfur donors bound by carbon and phosphorus 
atoms. The P=S bond length is lengthened by about 0.04 A in comparison to 
[PhC(O)NHP(S)Phz] [1.941(6) A], and is still assigned as a double bond. P-N and 
N-C bonds distances are very much single bond lengths and compare well with that in 
[Pt{HzNC(S)NHPPhz}z]z+ 2Cl- 22 [1.676(1) and 1.38(2) A]. The most dramatic 
change observed is the lengthening of the C=S bond by about 0.1 A compared to that 
in 22 and is similar to that in [{Phz(S)PNC(S)N(CH3)z}zNi] [1.760(9) A]. The terminal 
C-N is shorter than that in the chelate ring. 
Differences in bond lengths in chelate B as a result of the loss of one amino 
proton, which has shorter bond distances than its counter-part with its proton intact. 
The two Pt-S bond lengths are similar to that in chelate A. The P=S bond differs only 
slightly which is closer to P=S bond rather than a P-S bond containing delocalisation 
property. One similar comparison has been reported for 
[{(PhO)zP(S)NC(S)N(npr)z}zNi]86 which also analysed the phosphorus-sulfur bond 
with bond delocalisation character at 1.978(1) A. The P-N appears to be partially 
double [1.590(3) A] with a shorter bond length. The N-C and C=S bonds are shorter 
than the other. There is an interesting opposite effect on the terminal C-NHz bond 
[1.390(4) A] which is lengthened w.r.t. its adjacent C-N bond [1.340(4) A] within 
chelate B or shortened in the chelate A [1.320(5) A in C-NHz and 1.370(4) A in C-N]. 
In chelate B the bond angles are generally smaller than the other with the 
exception to S(I)-C(I)-N(2) [130(3) 0] that has expanded. One S-Pt-S angle is 
smaller than in chelate A. The reductions of the angles are the direct consequences of 
bond contraction within the chelate ring. The gross effect of these differences 
produced an overall contraction of the chelate ring B compared to A. The overall 
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analysis between the two chelate rings allow us to deduce that one ring is deprotonated, 
and it is chelate ring B that displays the absence of a hydrogen. 
Cl 
o 
C21 
N21 
Fig. 5.11 Molecular structure of [Pt{H2NC(S)NP(S)Ph2} {H2NC(S)NHP(S)Ph2} 1 + 
CI- 37. 
Accompanying the bond length changes in chelate B is electron delocalisation 
which is illustrated in Figure 5.12. The contraction ofC-NH2, expansion ofC=S and 
along with the widening of the S-C-N bond angle in chelate A could be explained by 
a 1t contribution between these three atoms as shown in Figure 5.12. 
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Fig. 5.12 re contribution to C-N bond in 
[Pt{H2NC(S)NP(S)ph2}{H2NC(S)NHP(S)Ph2}t CI- 37. 
Table 5.6 Selected bond lengths (A) and angles (") in trans-
[Pt{H2NC(S)NP(S)Ph2}{H2NC(S)NHP(S)Ph2}t CI- 37. 
Chelate A Chelate B (deprotonated) 
Pt-S(21) 2.33(1) Pt-S(1) 2.31(1) 
Pt-S(22) 2.312(9) Pt-S(2) 2.315(9) 
S(22)-P(21) 1.97(1) S(2)-P(I) 1.98(1) 
P(21)-N(22) 1.68(3) P(1)-N(2) 1.59(3) 
N(22)-C(21) 1.37(4) N(2)-C(I) 1.34(4) 
C(21 )-S(21) 1.78(3) C(1)-S(1) 1.73(3) 
~(21 )-N(21) 1.32(5) C(1)-N(I) 1.39(4) 
S(21)-Pt-P(22) 102.1(3) S(I)-Pt-S(2) 91.0(3) 
S(2)-Pt-S(21) 83.6(3) S(1)-Pt-S(22) 83.3(3) 
Pt-S(21 )-C(21) 116.(1) Pt-S(I)-C(I) 110(1) 
Pt-S(22)-P(21) 102.0(5) Pt-S(2)-P(1) 98.0(5) 
S(21)-C(21)-N(22) 118(3) S(I)-C(I)-N(2) 130(3) 
C(21)-N(22)-P(2I) 130(2) C(1)-N(2)-P(l) 129(3) 
N(22)-P(21)-S(22) 113(1) N(2)-P(I)-S(2) 117(1) 
S(21)-C(21)-N(21) 118(3) S(I)-C(I)-N(I) 113(3) 
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Recrystallisation of cis-[Pt{H2NC(S)NP(S)Ph2hl by vapour diffusion of diethyl ether 
into a solution of the compound in dichloromethane gave crystals suitable for X-ray 
analysis (Figure 5.13). The crystals are bright yellow plates. The X-ray structure 
reveals that the two chelates are bound to a platinum atom in the cis configuration. 
Fig.5.13 Molecular structure of [Pt{H2NC(S)NP(S)Ph2hl 38. 
The six-membered rings consist of PtS2CNP where the metal atom is co-ordinated by 
two sulfur atoms; nitrogen donor atoms are not involved. The metal and its four sulfur 
atoms on opposite ligands exists in a distorted square planar configuration, but the 
entire molecule is distinctly puckered. Overall, the structure is symmetrical with 
comparative bond lengths and angles between the two chelate rings. The PtS4 
co-ordination sphere resembles that in bis(dithiobiureto)palladium(II)146 and 
imidodiphosphinatoplatinum(II).42 
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Table 5.7 Selected bond lengths (A) and angles (") in 
cis-[Pt{H2NC(S)NP(S)Ph2hHEt20) 38. 
Pt-S(1) 2.321(4) Pt-S(21) 2.329(4) 
Pt-S(2) 2.313(4) Pt-S(22) 2.307(4) 
S(I)-P(I) 1.986(7) S(21)-P(21) 2.005(7) 
P(I)-N(I) 1.62(1) P(21)-N(21) 1.61(1) 
N(I)-C(I) 1.34(2) N(21)-C(21) 1.33(2) 
C(1)-S(2) 1.71(2) C(21)-S(22) 1.72(2) 
C(1)-N(2) 1.38(2) C(21)-N(22) 1.38(2) 
S(I)-Pt-S(2) 93.0(1) S(21)-Pt-S(22) 93.0(1) 
S(I)-Pt-S(21) 90.6(2) S(2)-Pt-S(22) 84.3(1) 
Pt-S(2)-C(I) 109.2(6) Pt-S(22)-C(21 ) 109.9(6) 
Pt-S(I)-P(I) 99.0(2) Pt-S(21)-P(21) 98.2(2) 
S(I)-P(I)-N(I) 120.5(5) S(21)-P(21)-N(21) 120.5(5) 
P(I)-N(I)-C(I) 128(1) P(21)-N(21)-C(21) 128(1) 
N(I)-C(I)-S(2) 132(2) N(21)-C(21)-S(22) 113(1) 
S(2)-C(I)-N(2) 114(1) S(22)-C(21)-N(22) 113(1) 
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The bond lengths within the chelates are similar to that of chelate B in 
compound 37. The P=S bonds have lengthened slightly. The co-ordination angle of the 
two chelates are 93.0(1) 0 for both. One noteworthy difference is the N-C-S angle 
[132(2) and 113(1) 0]. The central square plane contains two sulfur atoms above and 
two below platinum with a mean deviation from plane of 0.1125 A. The two chelates 
are folded above and below the central square plane as illustrated in Figure 5.14. 
Fig. 5.14 Core geometry of cis-[Pt{H2NC(S)NP(S)Ph2h1'(Et20) 38. 
This kind offolding is similar to that in [Pt{P(CH3)3h{(phO)2SPNPS(phO)2}t2 
which also described the central three chelate atoms are folded upwards at the sulfur 
atoms. 
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5.7 Experimental 
23 [PhC(O)NHP(O)Ph2]: A solution ofPhC(O)NHPPh2 (760 mg, 2.49 mmol) in THF 
(50 ml) was stirred overnight. The solution was filtered and the filtrate was reduced to 
dryness to a white powder. It was recrystallised from CH2CI:z/Et20 to give a yield of 
795 mg (99 %). Mp: 197 - 199 DC. NMR (CDCh): 31p; 24 ppm. IR (KBr disc, cm-I): 
3159m, 3066s, 2842mw, 1669vs, 1591m, 1500s, 1456vs, 1439vs, 1267s, 1199vs, 
1128vs, 1108s, 1072m, 1027m, 998w, 875m, 838s, 807w, 754s, 728vs, 711vs, 692vs, 
525vs, 476w, 296w. FAB (mlz): 344 [M + Nat and 322 [M + Ht. Found: C, 67.66; 
H, 4.72; N, 3.87 %. (CI9HI6N02P requires C, 71.02; H, 5.02; N, 4.36 %.) 
24 [H2NC(S)NHP(S)Ph2]: To a suspension ofH2NC(S)NH2 (8.5 g, 112 mmol) in THF 
(300 ml) was added Et3N (15.5 ml, III mmol) andDMAP (100 mg, 10 mmol). A 
THF (200 ml) solution ofPh2PCI (15 ml, 83 mmol) was then added dropwise over 3 h. 
The solution was filtered into another flask containing S (2.7 g, 83 mmol) and the 
residue washed with THF (100 ml). After 30 min. of stirring the solution was 
evaporated to dryness and extracted with CH2Ch (200 ml). The extract was 
concentrated and saturated with Et20 to give a microcrystalline product 9.4 g (39 %). 
Mp: 144 - 145 DC. NMR (CDCh): 31p; 52 ppm. IR (KBr disc, cm-I): 3381 w, 3294s, 
314Im-sh, 3074s, 2943w, 2877w, 1619vs, 1586w, 1484vs, 1425vs, 1309w, 1278m, 
Illls, 1102s, 1054s, 1029m, 997m, 835s, 810s, 749s, 719vs, 690s, 642s, 632s, 614m, 
572m, 521vs, 495s, 482s, 464m, 418w, 404m, 347w, 301m. FAB (mlz): 
315 [M + Nat and 293 [Mt. Found: C, 53.18; H, 4.46; N, 9.91 %. (C13H13N2PS2 
requires C, 53.41; H, 4.48; N, 9.58 %.) 
25 [H2NC(O)NHP(S)Ph2]: To a solution ofH2NC(O)NHPPh2 (3.5 g, 14.3 mmol) in 
THF (100 ml) was added S (451 mg, 14.1 mmol) and stirred for 4 h. The solution was 
filtered and its solvent removed to give a yield of2.5 g (62 %). Mp: 162 - 166 DC. 
NMR (CDCh): 31p; 53 ppm. IR (KBr disc, cm-I): 3492m, 3333m, 3187m, 3056w, 
2956vw, 1704vs, 1682vs, 1650vs, 1615vs, 1461vs, 1436vs, 1343m, 1246w, 1178w, 
1l06vs, 998w, 912m, 872w, 747s, 716vs, 692vs, 656m, 634m, 613m, 590m, 513m, 
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496s, 460w. FAB (mlz): 299 [M + Nat and 277 [Mt. Found: C, 55.88; H, 4.74; 
N, 9.64 %. (CI3H13N20PS requires C, 56.51; H, 4.74; N, 10.64 %.) 
26 [PhC(O)NHP(S)Ph2]: To a solution ofPhC(O)NH2 (3.2 g, 7.7 mmol) in THF 
(150 mI) was added Et3N (3.9 ml, 30 mmol), DMAP (200 mg, 20 mmol) and neat 
Ph2PCI (5 mI, 27.9 mmol) - the solution was heated at reflux overnight. S (1.78 g, 
55.7 mmol) was added and stirred overnight at room temperature. The solution was 
filtered and the filtrate was reduced to dryness to a white powder. It was then triturated 
with Et20 (200 mI) to give a yield of 6.43 g (34 %). Mp: 186 -190°C. NMR 
(CDC!): 31p; 56 ppm. IR (KBr disc, cm-I): 3159m, 3060w, 2857vw, 1651vs, 1600m, 
1581w, 1496m, 1480w, 1454vs, 1436vs, 1266s, 1180vw, 1102s, 1071w, 1024w, 
999w, 952vw, 880w, 832m, 796w, 745s, 726vs, 715vs, 690vs, 669m, 636vs, 615m, 
516s, 497s, 398w. FAB (mlz): 361 [MH + Nat and 337 [MH + Ht. Found: C, 67.25; 
H, 4.54; N, 4.02 %. (CI9HI~OPS requires C, 67.64; H, 4.78; N, 4.15 %.) 
27 [PyC(O)NHP(S)Ph2]: To a solution ofPyC(O)NH2 (3.4 g, 27.8 mmol) in THF 
(150 ml) was added Et3N (3.9 ml, 30 mmol), DMAP (200 mg, 20 mmol) and neat 
Ph2PCI (5 ml, 27.9 mmol) - the solution was heated at reflux overnight. S (890 mg, 
27.8 mmol) was added and stirred for 1 h. at room temperature. The solution was 
filtered and the filtrate reduced to dryness to a white powder. The product was 
recrystallised from CH2ChlEt20 to give 4.4 g (47 %). Mp: 195 - 198°C. NMR 
(CDC!): 31p; 56 ppm. IR (KBr disc, cm-I): 3368vw, 3182s, 3077w, 1656vs, 1588s, 
1573m, 1482m, 1457vs, 1437s, 1413s, 1269s, 1104s, 1020m, 998w, 878m, 842m, 
815m, 742vs, 724s, 715vs, 7703s, 691vs, 662m, 639vs, 615m, 516m, 499s, 477w, 
457w, 412w, 402w, 297w. FAB (mlz): 361 [M + Nat and 339 [M + Ht. Found: 
C, 64.15; H, 4.41; N, 8.19 %. (CIsHISN20PS requires C, 63.89; H, 4.47; N, 8.28 %.) 
28 [H2NC(S)NHP(Se)Ph2]: To a solution ofH2NC(S)NHPPh2 (2.20 g, 8.45 mmol) in 
THF (50 ml) was added Se (0.67 g, 8.45 mmol) and the mixture stirred for 1 h. The 
solution was filtered through celite and reduced to dryness to give 1.63 g (67 %) of 
white powder. Mp: 141 - 144°C. NMR (THF/C~6): 31p; 45 ppm [IJ(pSe) 783 Hz]. 
IR (KBr disc, cm-I): 3364w, 3284m, 3072m, 2940w, 2875w, 1619vs, 1482vs, 1424vs, 
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1308w, 1278m, 1107m, 1052m, 996w, 832s, 807s, 748vs, 715s, 701vs, 688vs, 640m, 
555vs, 515vs, 490s, 473m, 409m, 396m, 304wm 284m. FAB (m/z): 339 [Mt. Found: 
C, 45.98; H, 3.76; N, 8.30 %. (C13H13N2PSSe requires C, 46.02; H, 3.86; N, 8.26 %.) 
29 K[PhC(O)NP(O)Ph2]: To a solution of [PhC(O)NHP(O)Ph2] (500 mg, 1.56 mrnol) 
in THF (50 ml) was added KO'Bu (0.57 g, 5.12 rnmol) and stirred overnight The 
solution was filtered through celite, and then reduced to dryness to give 557 mg 
(100 %) of white powder. Mp: 286 - 290 DC. NMR (THF/C~6): 31p; 17 ppm. IR 
(KBr disc, cm-I): 3397w, 3056m, 2974w, 2866w, 1649m, 1624m, 159ls, 1523vs, 
1481m, 1436s, 1376vs, 1298m, 1171s, 1153s, 1141s, 1120s, llOls, 1066s, 1026s, 
896vs, 842vs, 755s, 719vs, 701vs, 547vs, 527vs, 459m, 435m, 324m, 303m. 
FAB (m/z): 360 [M + Ht. Found: C, 59.13; H, 4.42; N, 2.94 %. (CI9HIsN02PK 
requires C, 63.50; H, 4.21; N, 3.90 %.) 
30 K[H2NC(S)NP(S)Ph2]: To a solution of [H2NC(S)NHP(S)Ph2] (1.5 g, 5.13 mrnol) 
in THF (60 ml) was added KO'Bu (0.57 g, 5.12 rnmol) and stirred overnight. The 
solution was filtered through celite, and then reduced to dryness to give 1.3 g (79 %) 
of white powder. Mp: 155 - 157 DC. NMR (DMSO-D6): IH; 7.85 (aromatic), 7.34 
(aromatic) and 3.30 (2H, s, NH): 13C; 189 (CS), 142 (C~s) 141 (C6Hs), 131 (C~s), 
130 (C6HS) and 128 (C~s). 31p; 37 ppm. IR (KBr disc, cm-I): 3364s, 3280m, 3 1 64w, 
3054w, 1604s, 1479s, 1431vs, 1402s, 1307s, 1291s, 1104s, 1055vw, 1026vw, 999vw, 
884vw, 856vw, 836vw, 809vw, 746s, 712vs, 693s, 624m, 607s, 521s, 416vw. 
FAB (m/z): 331 M + H]+. Found: C, 44.18; H, 3.75; N, 7.69 %. (CI3HI2N2PS2K 
requires C, 47.25; H, 3.66; N, 8.48 %.) 
31 K[PhC(O)NP(S)Ph2]: To a solution of [PhC(O)NHP(S)Ph2] (I g, 2.96 mmol) in 
THF (60 ml) was added KO'Bu (0.57 g, 5.12 rnmol) and stirred for 30 min. The 
solution was filtered through celite, and then reduced to dryness to give 1.1 g (100 %) 
of white powder. Mp: 286 - 290 DC. NMR (DMSO-D6): 31p; 44 ppm. IR 
(KBr disc, cm-I): 3434w, 3053w, 2968w, 2852w, 1588m, 1519vs, 1479w, 1436m, 
1360vs, 1297w, 1102m, 1068m, 1024m, 895m, 884w, 838s, 816w, 748w, 723vs, 
710s, 695s, 672w, 627s, 612s, 516m, 503s, 306w. FAB (m/z): 399 [MH + Nat, 
137 
377 [MH + Hr. Found: C, 60.34; H, 4.12; N, 3.45 %. (Cl9HIsNOPSKrequires 
C, 60.78; H, 4.03; N, 3.73 %.) 
32 K[PyC(O)NP(S)Ph2]: To a solution of [PyC(O)NHP(S)Ph2] (2.20 g, 6.50 mmol) in 
THF (30 ml) was added KOtBu (0.73 g, 6.50 mmol) and stirred for 30 min. The 
solution was filtered through celite, and then reduced to dryness gave 2.30 g (94 %) of 
white powder. Mp: 308 - 312°C. NMR (THF/C~6): 31p; 41 ppm. IR. 
(KBr disc; cm-I): 3322vw, 3237vw, 3072w, 3053w, 1676w, 1590vs, 1526vs, 1476m, 
1436s, 1417m, 1371vs, 1314m, 1305m, 1193m, 1164s, 1102s, 1028s, 906s, 893m, 
830vs, 748vs, 717s, 707vs, 694vs, 626vs, 613vs, 503vs, 413w, 305m. FAB (mlz): 377 
[M + Ht. Found: C, 57.25; H, 3.37; N, 6.88 %. (CIsHI4N20PSK requires C, 57.43; 
H, 3.75; N, 7.44 %.) 
33 K[H2NC(S)NP(Se)Ph2]: To a solution of [H2NC(S)NHP(Se)Ph2] (487 rng, 
1.43 mmol) in THF (40 ml) was added KOtBu (161 rng, 1.43 mmol) and stirred for 40 
min. The solution was filtered through celite, and then reduced to dryness to give 
317 mg (59 %) yield. Mp: 120 - 125°C. NMR (THF/C~6): 31p; 29 ppm [IJ(pSe) 53 
Hz]. IR (KBr disc, cm-I): 3353m, 3162w, 3051w, 1605vs, 1476s, 1431vs, 1306vs, 
1103vs, 1025m, 999m, 885w, 851w, 743vs, 712s, 699vs, 544vs, 516vs, 408rn. FAB 
(mlz): 346 [M - Sl+. Found: C, 38.39; H, 3.43; N, 6.50 %. (C13HI2N2PSSeK requires 
C, 41.38; H, 3.21; N, 7.42 %.) 
34 [Zn{H2NC(S)NP(S)Ph2h]: To a solution ofK[H2NC(S)NP(S)Ph2] (61 mg, 
184 f.l1ll01) in THF (20 ml) was added ZnCh (50 mg, 367 f.l1ll01). After stirring 
overnight, the solution was filtered through celite, and the filtrate reduced to dryness 
to give a white powder (178 mg, 75 %). Mp: 132 - 136°C. NMR (THF/C~6 insert): 
31p; 41 ppm. IR (KBr disc, cm-I): 3464w, 3306m, 3160w, 3053w, 297Ovw, 1588vs, 
1478vs, 1436vs, 1311s, 1161m, 1104s, 1027w, 998w, 873s, 748rn, 719s, 707vs, 691s, 
638m, 577vs, 556s, 499m. FAB (mlz): 671 [MH2 + Nar and 649 [MH2 + Ht. Found: 
C, 48.04; H, 3.76; N, 8.32 %. (C2~24N4P2S4Zn requires C, 48.18; H, 3.73; N, 
8.64 %.) 
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35 [Pd{PhC(O)NP(S)Ph2hl: To a solution of [PdCh(COD)l (30 mg, 105 f.lll1ol) in 
CH2Ch (10 ml) was added K[PhC(S)NP(S)Ph21 (SO mg, 213 f.lll1ol). After 1 h. of 
stirring the solution was filtered through celite and reduced to dryness. After 
trituration with petroleum ether, 47 mg (57 %) of product was collected. Mp: 136 -
139°C. NMR (DCMlC~6): 31p; 30 ppm.1R (KBr disc, cm-I): 3052w, 3055m, 
15SSm, 14S5vs, 1436vs, 13nvs, 1304m, l1S1m, 1113s, 1103s, 106Sw, 1026m, 
99Sw, 926m, 795m, S04m, 745m, nos, 701vs, 6S9vs, 61Sw, 590vs, 552m 511vs, 
4S9m, 41Sw, 337w. FAB (m/z): S02 [M + Nat and 779 [Mt. Found: C, 57.S6; H, 
3.SS; N, 3.24 %. «C38H3oN202P2S2Pd) requires C, 5S.5S; H, 3.SS; N, 3.60 %.) 
36 [Pd{PyC(O)NP(S)Ph2hl: To a solution of [PdCh(COD)l (38 mg, 133 f.lll1ol) in 
CH2Ch (10 ml) was added K[PyC(O)NP(S)Ph21 (100 mg, 266 f.lll1ol), which gave a 
red solution immediately. Aftelovernight stirring the solution was filtered through 
celite and reduced to dryness. The compound was then triturated with petroleum ether 
(60-S0 °C) gave a yield of97 mg (93 %). Mp: 155 - 15S °C. NMR (CH2Ch/C~6): 
31p; 31 ppm.1R (KBr disc, cm-I): 3053w, 2923w, 1609s, 15S5s, 1551s, 150Ss, 1479w, 
1436s, 1375s, 1341vs, 1307s, 1174m, 1103s, 105Sw, 1026w, 99Sw, 920w, 81Sm, 
746s, nOm, 690vs, 619w, 5nvs, 505s, 415w. FAB (m/z): 7S0 [Mt. Found: C, 55.33; 
H, 3.91; N, 6.39 %. «C36H28N402P2S2Pd) requires C, 55.35; H, 3.61; N, 7.17 %.) 
37 [Pt{H2NC(S)NP(S)Ph2}{H2NC(S)NHP(S)Ph2} t Cl-: To a solution of 
[H2NC(S)NHP(S)Ph2] (78 mg, 267 /lmol) in CH2Ch (20 ml) was added [PtCh(COD)] 
(100 mg, 267 f.lll1ol) giving yellow precipitates immediately. After overnight stirring 
the residue was filtered to give a yield of 96 mg (S5 %). Decomp. temp: > 160°C. 
NMR (CH30HlC~6 insert): 31p; 40 ppm [IJ(pPt) 123 Hz]. IR (KBr disc, cm-I): 
3261m, 3055m, 2697vw, 1603s, 1500s, 1437vs, 1390m, 1312s, l1S4w, 1163vw, 
1106vs, 99Sw, 922vw, SS3w, 74Sm, 70Ss, 6SSs, 61Sw, 59Sm, 576s, 551m, 495m, 
365vw. FAB (m/z): SOD [MNa- 2HCIl+ and 777 [M- 2HCll+. Found: C, 36.66; H, 
3.10; N, 7.05 %. «C26liu;N4P2S4ChPt) requires C, 36.71; H, 3.0S; N, 6.59 %.) 
38 [Pt{H2NC(S)NP(S)Ph2h]: To a suspension ofK[H2NC(S)NP(S)Ph2] (61 mg, 
IS4 f.lll1ol) in CH2Ch (10 ml) was added [PtCh(COD)] (32 mg, S5 f.lll1ol) gave a 
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yellow solution. After I h stirring the solution was filtered through celite and the 
filtrate kept in a refrigerator overnight; a yellow crystalline product was collected 
(35 mg, 53 %). Mp: 144 - 148°C. NMR (CH2Ch/C6D6 insert): 31p; 33 ppm [IJ(pPt) 
114 Hz]. IR(KBr disc, cm-I): 3460w, 3328w, 3157vw, 3053vw, 1588vs, 1484vs, 
1436vs, 1308s, 1161m, 1112s, 1105s, 1027vw, 999w, 883s, 748m, 720s, 707vs, 69ls, 
577vs, 558s, 502m, 356vw. FAB (rnIz): 778 [M + H]+ and 777 [Mt. Found: C, 37.35; 
H, 2.81; N, 6.61 %. «C2~24N4P2S4Pt)-CH2Ch requires C, 37.59; H, 3.04; N, 6.49 %.) 
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Chapter 6: Synthesis and Structural Studies of 
[(H2NPPh2hNt [N{P(E)Ph2hr (E = 0 or S) 
6.1 Introduction 
Tetraphenyldithioimidodiphosphinate H[N{P(S)Ph2121 
The synthesis ofH[N {P(S)Ph2h] was first reported by Schmidpeter and Groeger in 
1966.4 The crystal structure ofH[N{P(S)Ph2h] has been reported on three separate 
occasions.33.38.147 In each case the sulfur atoms were assigned the anti conformation 
with respect to the P-N-P plane. One of the papers reported intermolecular hydrogen 
bonding between two adjacent molecules, by one sulfur atom of one molecule and the 
hydrogen atom of the other [2.638(25) A] (Figure 6.1).33 
S:::::::::::::pPh2 
\ 
N-H----- S / ~ 
Ph P PPh2 
2 ~ / 
S----- H-N 
\ 
Ph2 P::::::::::::: S 
Fig. 6.1 The structure of [HN {P(S)Ph2h] showing the anti configuration. 
The compound is a weak protic acid and is readily deprotonated by potassium 
tertbutoxide to give K[N {P(S)Ph2hl (Equation 6.1).17 
(6.1) 
The salt can undergo metathesis reactions with chloride containing salts, and the 
potassium ion is exchanged by other cations (Equation 6.2). Four X-ray structures of 
[N{P(S)Ph2hr with K+, [K(18-crown-6)]+,18 [N(PPh3)2tI9 and [Ph3Tet 20 as counter 
ions have been reported (Table 6.1). 
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K[N{P(S)Ph2h] + Cation+CI- - [Cation]+[N{P(S)Ph2h]- + KCI (6.2) 
(Cation = [K(18-crown-6)t, [Ph3Tet or [(PPh3)2NJ1 
The salts of imidodiphosphinate ligands have interesting and unexpected structures. 
The reported molecular structure of K[N {P(S)Ph2h] revealed the chelate to be 
arranged in the syn conformation with co-ordination to a potassium atom. The crystal 
structure ofK[N {P(S)Ph2h] consists of a ladder-like polymer structure in which an 
octahedral geometry around potassium is achieved via K···phenyl electrostatic 
interactionsP 
In [K(18-crown-6)t [N {P(S)Ph2h] -, the anion exists as a non-bonded ion 
without any direct interaction to its counter ion. Its geometry is very similar to that in 
K[(SPh2P)2N], but with a wider P-N-P angle (Table 6.1). The bond lengths are 
comparable to that in K[N{P(S)Ph2h], and suggest some degree of delocalisation of 
the 1t-electron density over the SPNPS system. The molecular structure of [Ph3 Te t 
[N {P(S)Ph2h] - also shows the anion in a very similar geometry to that in 
K[N{P(S)Ph2h]. The sulfur donor atoms are weakly bound to the tellurium atom of 
the cation. The bond lengths are not changed significantly from that in 
K[N{P(S)Ph2h], but the central P-N-P angle is noticeably wider (Table 6.1). In 
[N(PPh3ht [N{P(S)Ph2hl-, the cation displays the usual bent conformation [PNP 
143.0(5) 0] and long P-N bonds [1.57(3) A], however, the anion consists ofa linear 
P-N-P [180 0] with short P-Nbonds [1.554(2) A] (Figure 6.2). The P-N bonds in the 
anion are shorter than in the cation which are double bonds, which strongly suggest 
that the P-N bonds are predominantly double bond in character. The P-S bonds are 
apparently unchanged compared to those in K[N{P(S)Ph2hJ. The SPNPS system has 
twisted to adopt the anti geometry. 
Ph Se l-Ph~ 0 / 
P=N=P", 
/ '\:/t,h 
es 
Fig.6.2 The structure of the anion of [N(pPh3)2t [N{P(S)Ph2hr. 
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Table 6.1 Selected bond lengths (A) and angles e) in [RN {P(S)Ph2hl, 
K[N{P(S)Ph2hl, [K(18-crown-6)t [N{P(S)Ph2hr, [Ph3Tet [N{P(S)Ph2hr, 
[N(PPh3ht [N{P(S)Ph2hr, [(H2NPPh2)2Nt CI- and 
[(H2NPPh2)2Nt2{[SbCI6lCl}2-. 
P-E P-N E-P-N P-N-P 
[HN{P(S)Ph2hl I48 1.950(1) 1.671(2) 114.73(7) 132.62(11) 
K[N{P(S)Ph2hl I7 1.978(1) 1.592(2) 120.7(1) 128.6(2) 
[K( 18-crown-6)t[N {P(S)Ph2 hl-18 1.976(1) 1.599(1) 120.8(1) 132.8(2) 
[Ph3Tet [N{P(S)Ph2hr2O 1.983(4) 1.594(9) 120.1(4) 137.6(6) 
[N(PPh3)2t 1.577(3) 143.0(5) 
[N {P(S)Ph2hl-19 1.975 1.554(2) 117.4 180 
[(H2NPPh2)2N]CI149 1.66 1.57 136 
[(H2NPPh2)2N]2[SbCI6lCI150 1.62(1) 1.56(1) 120.5(7) 128.5(8) 
lminobis(aminodiphenylphosphorus) Chloride, [(H2NPPh2hN]CI 
Bezman and Smalleyl51 prepared [(H2NPPh2)2N]Cl by treating diphenylphosphorus 
trichloride with ammonia. Its X-ray structure revealed the compound with terminal 
nitrogen atoms arranged in a trans-syn conformation about the central P-N-P plane 
(Figure 6.3).150 Hydrogen bonding interactions to the chloride ion were not discussed 
due to a poor data set. 
er 
Fig.6.3 Iminobis(arninodiphenylphosphorus) chloride, [(H2NPPh2)2N]CI149 
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The structure of the cation was resolved with {[SbCI61Cl}2- as its cOlmter anion. The 
structure found contains two slightly different [(H2NPPh2)2N]+ cations 
interacting to two anions, [SbC16r and Cl- with hydrogen bonding character 
predominantly to the Cl- anion (Figure 6.4). 
In Chapter Two, we used the imidotetraphenyldithiodiphosphinate anion as a 
ligand to form complexes with molybdenum for structural and antiwear studies. Here 
we describe the preparation of a number of organophosphorus salts with 
[(H2NPPh2hN]Cl and K[N{P(S)Ph2hl. The X-ray structure of one of the salts is 
described. This could give further insight to the mechanism of K[N {P(S)Ph2hl co-
ordinating towards metals. 
6.2 Synthesis 
All the organic salts used are almost completely insoluble in dichloromethane. The 
general procedure was to mix two salts in dichloromethane with prolong stirring. The 
suspensions dissolved within five minutes upon stirring with the precipitation of 
potassium chloride. (Equations 6.3 and 6.4). The in situ reactions were monitored 
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using 31p NMR which showed two phosphorus resonances in dichloromethane (see 
Section 6.4). The solutions were then filtered and the solvent removed to give the 
following products as white powders in good yields, [(H2NPPh2hNt [N {P(S)Ph2} 2]-
39, [(H2NPPh2)2Nt [N{P(O)Ph2hr 40, [(H2NPPh2hNt [PhC(O)NP(S)Ph2W 41 
and [(H2NPPh2)2N]+ [PyC(O)NP(S)Ph2)]- 42. 
E=OorS + KCI (6.3) 
+ KCI 
(6.4) 
Spectroscopy 
All the compounds showed only the cation [(H2NPPh2)2N]+ at 416 rnJz using FAB 
mass spectrometry - anionic molecules were not detected. Satisfactory elemental 
analyses were obtained for each compound. 31p NMR spectroscopy revealed only two 
phosphorus peaks in dichloromethane solution in each case. One peak at about 
O(P) 19 ppm is assigned to the cation which does not differ from the starting material. 
The other peaks at around o(P) 10 and 40 ppm are assigned to anions containing P=O 
and P=S groups respectively. Little change in chemical shift is observed, which is as 
expected since these are metathesis reactions. 
Listed in Table 6.2 are selected vibrational frequencies of compounds 39 - 42. 
Symmetric NH2 stretching for all four compounds are sharper and moved to lower 
frequencies, whilst the asymmetric NH2 stretchings to higher frequencies. The rocking 
modes of NH2 were shifted slightly higher than that in the starting material 
[1560 cm-I]. These changes probably are due to a lower degree of hydrogen bonding 
interaction between the ions. Little change is observed for the remaining bands 
145 
compared to that of the starting materials, suggesting the compounds are structurally 
similar to that of their starting materials. 
Table 6.2 Selected vibrational frequencies (cm-I) in 39, 40, 41 and 42. 
v(NH2) v(CO) v(P-N) V(P-NH2) v(P-E) 
39 3199,3047,1562 1228 959, 917, 853 623,606 
40 3371,3206,3051,1580 1222 948,921,845 1155 
41 3373,3253,3170,3055,1589 1527 1229 958, 923, 894, 625,608 
829,810 
42 3387,3186,3053,1590 1529 1249 966,899,818 626,611 
6.3 Molecular Structure Discussion 
Compound 39 was recrystallised from dichloromethane/petroleum ether (60-80 0c) 
using a vapour diffusion method. X-ray analysis confirmed the existence of two 
different molecules in close proximity (Fig. 6.5). The possible reprotonation of the 
anion, [N {P(S)Ph2hl-, to form a neutral species is not observed here. The cation and 
anion are arranged in the syn configuration with one terminal nitrogen pointing 
towards the sulfur atoms and the other terminal nitrogen pointing to N(I). The 
imidodiphenylphosphinate can be seen as co-ordinating to an amino group via 
hydrogen bonding, forming a pseudo eight-membered ring arranged in a boat 
conformation. The cation apparently exists in a symmetrical arrangement while the 
anion, adopts a less symmetrical conformation as is noticeable in the bond lengths. 
Selected bond lengths and angles are listed in Table 6.3. Bond lengths ofP-S 
bonds differ by 0.Q11 A, but are still similar to that in K[N {P(S)Ph2hl and longer than 
the P=S in [HN {P(S)Ph2hl. The P-N bond lengths are comparable to that in 
K[N{P(S)Ph2hl. The bond character of the anion is retained without co-ordinating to 
a metal. The P-N-P bond angle is widened by about 9 ° compared to that in 
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K[N{P(S)Ph2h], which is still larger than that in the free ligand [132.62(11) 0]. The 
width of the central part of the anion can be related to the number of atoms in the 
pseudo chelate ring, eight in this case compared to six in K[N {P(S)Ph2h] - ring strain 
is less likely in this molecule. One S-P-N bond angle is wider than the other 
[117.5(2) and 121.1(2) 0] which is consistent with difference in hydrogen bond lengths 
to the sulfur atoms[2.37 and 2.50 A respectively]. 
Table 6.3 Selected bond lengths (A) and angles (") in 
[(H2NPPh2)2Nt [N{P(S)Ph2hr 39. 
N(3)-P(3) 1.630(4) S(I)-P(1) 1.971(2) 
P(3)-N(2) 1.585(4) P(I)-N(I) 1.588(4) 
N(2)-P(4) 1.583(4) N(I)-P(2) 1.596(4) 
P(4)-N(4) 1.629(4) P(2)-S(2) 1.982(2) 
N(3)-H(3a) 0.94 S(I)···H(3a) 3.53 
N(3)-H(3b) 1.07 S(I)···H(3b) 2.37 
N(4)-H(4a) 0.99 S(I)···H(4a) 4.25 
N(4)-H(4b) 0.94 S(I)···H(4b) 2.89 
N(I)···H(4a) 3.32 S(2)···H(3a) 2.50 
N(I)···H(4b) 2.50 S(2)···H(3b) 2.88 
N(I)···(N4) 3.343(5) S(2)···H(4a) 3.95 
S(I)···N(3) 3.303(5) S(2)···H(4b) 4.07 
S(2)···N(3) 3.412(4) 
N(3)-P(3)-N(2) 117.1(2) S(I)-P(I)-N(I) 117.5(2) 
P(3)-N(2)-P(4) 132.1(3) P(I)-N(I)-P(2) 137.5(3) 
N(2)-P(4)-N(4) 118.0(2) N(1 )-P(2)-S(2) 121.1(2) 
The cation possesses two different N-P bond distances located at the saturated 
nitrogen atoms and the unsaturated central nitrogen atom. Bond distances of terminal 
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H2N-P bonds are longer than the central N-P bond lengths, but are shorter than that in 
[(H2NPPh2)2N]CI. The terminal H2N-P bonds are slightly longer than those in 
[(H2NPPh2)2Nh[SbCI6]CI which were assigned as having partial delocalisation. These 
bond distances are apparently longer than the central N-P bond lengths suggesting 
double bond character at the central part of the molecule. The near equivalence of the 
central P-N bond lengths about N(2) can be understood by viewing the cation with the 
positive charge spread over the central P-N-P atoms. The central P-N-P and the 
terminal N-P-N bond angles are contracted by about 4 0. This degree of contraction is 
probably the result of cross hydrogen bond interactions between the ions. The shortest 
hydrogen bond observed is between S(I) and H(3b) [2.37 A] while S(2) and H(3a) is 
2.5 A apart. At the other end of the cation, H(4b) is 2.5 A apart from N(I), which also 
displays a distant interaction to S(I). A similar distant interaction is also observed 
between H(3b) and S(2). 
" ... ' 
• P4 ~H4b 
N40H4a 
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6.4 Experimental 
[(H2NPPh2)2N]CI: This was prepared according to the literature.152 
39 [(H2NPPh2hN]+ [N{P(S)Ph2hr: K[N{P(S)Ph2hl (200 mg, 409 J.lIllol) was added 
to a suspension of [(H2NPPh2)2N]CI (185 mg, 409 J.lIllol) in CH2Ch (15 ml) and 
stirred overnight. The solution was filtered, and the filtrate reduced to dryness to give 
a white powder. This was recrystallised from CH2Ch/petroleum ether (60-80 0) to 
yield 207 mg (59 %). Mp: 147 - 149°C. NMR (CDCh): IH; 5.03 ppm (4H, s, 2NH2). 
31p; 37 ppm and 19 ppm. IR (KBr disc, cm-I): 3401 w, 3199m, 3047m, 1589m, 1562s, 
1531s, 1479s, 1435vs, 1281s, 1228vs, 1124vs, 1l08vs, 1027m, 997m, 950s, 853w, 
772s, 753vs, 745vs, 725s, 704vs, 694vs, 623m, 606s, 581s, 55ls, 510s, 496s, 463m, 
384m, 292w. FAB (mlz): 416 [M - (C24H2oNP2S2)t. Found: C, 66.39; H, 4.94; N, 
6.16 %. (C48~4N4P4S2 requires C, 66.66; H, 5.13; N, 6.48 %.) 
40 [(H2NPPh2)2N]+ [N {P(O)Ph2hr: The same procedures as 39 were applied with 
K[N{P(O)Ph2h] (477 mg, 958 J.lIllol) and [(H2NPPh2)2N]CI (433 mg, 958 /lmol) in 
CH2Ch (30 ml) to yield 762 mg (95 %). Mp: 196 - 200°C. NMR (CDCh): IH; 
5.55 ppm (4H, s, 2NH2). 31p; 19 ppm and 10 ppm. IR (KBr disc, cm-I): 3371w, 
3206w, 3051m, 3007w, 2907w, 2567w, 1580m, 1480m, 1437s, 1222vs, 1179m, 
1155vs, 1126vs, 1078m, 1066m, 1027m, 996s, 948m, 845w, 787w, 754s, 717vs, 
696vs, 577s, 552vs, 530vs, 521vs, 509vs, 457w, 425w, 315w. FAB (rnIz): 416 [M-
(C24H2oNP202)t. Found: C, 68.10; H, 5.17; N, 6.15 %. (C48~4N4P402 requires 
C, 69.23; H, 5.33; N, 6.73 %.) 
41 [(H2NPPh2)2N]+ [PhC(O)NP(S)Ph2r: The same procedures as 39 were applied 
with K[PhC(O)NP(S)Ph2] (166 mg, 442 J.lIllol) and [(H2NPPh2)2N]CI (200 mg, 
442 J.lIllol) in CH2Ch (15 ml) to give 273 mg (82 %). Mp: 169 -173°C. NMR 
(CH2CliC~6): 31p; 42 ppm and 20 ppm. IR (KBrdisc, cm-I): 3373m, 3253m, 3170s, 
3055s, 1589s, 1553s, 1527vs, 1479m, 1437vs, 1351vs, 1298m, 1229vs, 1179m, 
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1124vs, 1102s, 1023w, 998w, 958s, 894m, 829s, 810m, 747s, 718vs, 698vs, 625m, 
608s, 551s, 517vs, 503vs, 485m, 310w. FAB (mlz): 416 [M - (CI9HISNOPS)t. 
Found: C, 68.21; H, 5.18; N, 7.38 %. (C43H39N40P3S requires C, 68.61; H, 5.22; 
N, 7.44 %.) 
42 [(H2NPPh2)2Nt [PyC(O)NP(S)Ph2r: The same procedures as 39 were applied 
with K[PyC(O)NP(S)Ph2] (167 mg, 4421!mol) and [(H2NPPh2)2N]Cl (200 mg, 
442 Ilffiol) in CH2Ch (15 ml) to give 274 mg (82 %). Mp: 77 - 80°C. NMR 
(CH2Ch/C~6): 3Ip ; 42 ppm and 20 ppm.1R. (KBr disc, cm-I): 3387w, 3186m, 3053s, 
1591vs, 1529vs, 1481m, 1427vs, 1362vs, 1288s, 1249vs, 1180m, 1163m, 1123vs, 
1102s, 1027m, 997m, 966m, 818m, 747vs, 722s, 693vs, 626s, 611s, 517vs, 506vs, 
411w. FAB (mlz): 416 [M - (CIsHI4N20PS)t. Found: C, 66.85; H, 4.82; N, 8.76 %. 
(C42H3SNsOP3S requires C, 66.92; H, 5.08; N, 9.29 %.) 
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Appendix 
Single Crystal X-Ray Crystallography 
Details of data collection and refmements for; 
1 [Mo(N3S2){ (Ph2(O)PNP(S)Ph2h] 
2 [Mo(N3S2){iPr2(O)PNP(S)ipr2}2] 
5 [CJl4 {NHP(O)Ph2h] 
14 [CH3C~3(NHCH2P(S)Ph2}2] 
22 [Pt{H2NC(S)NHPPh2h]2+ 2Cl-
25 [PhC(O)NHP(S)Ph2] 
30 K[PhC(O)NP(S)Ph2] 
37 [Pt{H2NC(S)NP(S)Ph2} {H2NC(S)NHP(S)Ph2] + CI-
38 [Pt{H2NC(S)NP(S)Ph2h] 
39 [(H2NPPh2)2N]+ [N{P(S)Ph2h]-
Experimental 
Measurements were made on a Rigaku AFC7S or a Siemens SMART system 
diffractometer with graphite monochromatic Cu-KC/. radiation. Single crystals were 
mounted on a glass fibre using araldite. Data were collected at room temperature of 20 
± 1 °C. The structures were solved by the heavy atom method153.154 or by direct 
methods.155 
Details of crystallographic parameters, data collections, reflections (measured 
reflections, independent reflections, observed reflections, reflection / parameter ratio) 
and refmements (F {OOO}, minimum / maximum transmission, fmal R and R', largest 
1';./ cr, largest difference peak / hole) for the crystal structures of 1,2,5, 14, 22, 25, 30, 
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37, 38 and 39 are summarised in Table A. Details of crystallographic parameters, data 
collections, reflections and refmements for the crystal structures of8, 10, 11, 12, 13, 
15 and 16 have recently been published. 156 
All crystallographic work on the above compounds was carried out by Dr. A. 
M. Z. Slawin at Loughborough University. 
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Table A 
Compound 1 2 
Empirical Fonnula C48R!oNs02S4P 4Mo C24Hs6Ns02S4P 4MO 
Fonnula weight 1114.01 794.81 
Habit needle plate 
Crystal size (mm) 0.08 x 0.08 x 0.28 0.01 x 0.10 x 0.10 
Crystal system triclinic monoclinic 
Space Group PI (#2) C2/c (#15) 
alA 13.507(4) 13.875(2) 
blA 18.253(6) 11.524(3) 
ciA 11.28(1) 24.299(2) 
af' 100.63 
pt 99.22(5) 95.075(8) 
yt 86.56(4) 
V/A3 2697(4) 3870(1) 
Z 2 4 
Dclgcm3 1.359 1.364 
fl(Cu-Ka)/cm-1 49.00 65.74 
F(OOO) 1132 1668 
Independent reflections 6912 3035 
Observed reflection 4723 2278 
Data: parameter ratio 8.03 12.45 
Min, max transm. 0.56,1.0 0.88,1.0 
P in weighting scheme 0.007 0.004 
Final R, R' 0.076, 0.075 0.074, 0.063 
Largest Ma 4.59 1.23 
Largest diff. peak, hole (eA -3) 0.75, -0.78 1.31, -0.61 
Diffractometer Rigaku AFC7S Rigaku AFC7S 
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Compound 5 14 
Empirical Fonnula C30H2t;N202P 4 C33H32N2P2S2 
Fonnula weight 508.5 582.7 
Habit needle block 
Crystal size (mm) 0.10 x 0.10 x 0.34 0.13 x 0.14 x 0.26 
Crystal system monoclinic triclinic 
Space Group C2/c (#15) PI (#2) 
alA 14.043(3) 10.788(5) 
b/A 19.197(8) 16.64(1) 
cIA 11.851(2) 9.196(4) 
af' 96.81(5) 
~f 123.87(1) 110.37(4) 
yf 73.51(5) 
U/A
3 2652(4) 1483(2) 
Z 4 2 
DJgcm3 1.273 1.305 
J..L(Cu-Ka)/cm-1 17.20 28.36 
F(OOO) 1064 612 
Independent reflections 2052 3070 
Observed reflection 1089 1964 
Data: parameter ratio 6.64 5.56 
Min, max transm. 0.55,1.0 0.53, 1.0 
P in weighting scheme 0.004 0.002 
FinalR, R' 0.048, 0.037 0.060, 0.046 
LargestMcr 0.08 0.03 
Largest diff. peak, hole (eA -3) 0.22, -0.19 0.35, -0.33 
Diffiactometer Rigaku AFC7S Rigaku AFC7S 
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CompolUld 25 39 
Empirical fonnula C19H16NOPS C4SRi4N4P4S2 
Fonnula weight 337.38 864.92 
Habit plate needle 
Crystal size (mm) 0.10 x 0.11 x 0.03 0.10 x 0.10 x 0.20 
Crystal system monoclinic triclinic 
Space Group P21/c (#14) PI (#2) 
alA 8.942(8) 14.141(2) 
blA 19.94(2) 18.560(3) 
ciA 9.74(2) 9.286(2) 
WO 99.33(2) 
pf 100.3(1) 108.27(2) 
yf 72.50(1) 
U/A
3 1708 2201 
Z 4 2 
DJgcm3 1.312 1.305 
Il(Cu-Ka.)/cm-1 25.68 27.70 
F(OOO) 704 904 
Independent reflections 2634 6542 
Observed reflection 962 3633 
Data: parameter ratio 4.60 6.93 
Min, max transm. 0.49, 1.0 0.58,1.0 
P in weighting scheme 0.005 0.009 
FinalR, R' 0.116,0.085 0.048, 0.045 
Largest Ma 0.02 0.02 
Largest diff. peak, hole (eA-3) 0.54, -0.48 0.27, -0.30 
Diffi'actometer Rigaku AFC7S Rigaku AFC7S 
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Compound 22 30 
Empirical fonnula C26.sH2sN4P20o.sS2PtCh C2oH19N02PSK 
Fonnula weight 802.58 407.49 
Habit needle cube 
Crystal size (mm) 0.10 x 0.10 x 0.22 0.15 x 0.15 x 0.15 
Crystal system orthorhombic monoclinic 
Space Group P212121 P21/c 
alA 12.2380(3) 8.1349(3) 
blA 17.9960(4) 12.0205(4) 
ciA 15.2343(4) 20.9954(7) 
af 90 90 
~f 90 91.7050(10) 
yf 90 90 
utA3 3355 2052.14(12) 
Z 4 4 
Dclgcm3 1.589 1.319 
F(OOO) 1572 848 
Independent reflections 4968 3033 
Data I restraints Iparameter 4951 10 I 353 29 I 0 I 236 
Final R, R' 0.057,0.155 0.052,0.123 
Largest diff. peak, hole (eA -3) 2.37, -2.02 0.63, -0.77 
Diffiactometer Siemens SMART Siemens SMART 
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Compound 37 38 
Empirical fonnula C2~2~400.SP2S4Pt C3oH34N40P2S4Pt 
Fonnula weight 823.25 851.9 
Habit cube plate 
Crystal size (mm) 0.10 x 0.10 x 0.10 0.10 x 0.03 x 0.10 
Crystal system monoclinic triclinic 
Space Group C2/c (#15) PI (#15) 
alA 23.176(5) 12.6545(5) 
blA 14.04(1) 13.988(3) 
ciA 26.237(5) 10.838(2) 
aJ" 99.25(2) 
~I" 122.92(1) 100.98(2) 
yl" 65.49(2) 
U/A
3 7166(8) 1705 
Z 8 2 
DJgcm3 1.526 1.659 
fl(Cu-Ka)/cm-1 109.38 108.2 
F(OOO) 3224 844 
Independent reflections 5584 5077 
Observed reflection 1871 3659 
Data: parameter ratio 5.32 9.63 
Min, max transm. 0.74, 1.0 0.50,1.0 
P in weighting scheme 0.004 0.010 
Final R, R' 0.063, 0.084 0.080, 0.083 
Largest llIa 1.26 0.07 
Largest diff. peak, hole (eA -3) 1.24, -0.76 1.43, -2.04 
Diffractometer Rigaku AFC7S Rigaku AFC7S 
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